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1
METHOD AND APPARATUS FOR READING
DATA STORED IN FLASH MEMORY BY
REFERRING TO BINARY DIGIT
DISTRIBUTION CHARACTERISTICS OF BIT
SEQUENCES READ FROM FLASH MEMORY

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a continuation of the co-pending U.S. application
Ser. No. 13/802,625 (filed on Mar. 13, 2013), which is a
continuation of the U.S. application Ser. No. 13/044,548
(filed on Mar. 10, 2011), which claims the benefit of U.S.
provisional application No. 61/420,336 (filed on Dec. 7,
2010) and U.S. provisional application No. 61/441,635 (filed
on Feb. 10, 2011). The entire content of the related applica-
tions is incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The disclosed embodiments of the present invention relate
to reading data stored in a flash memory, and more particu-
larly, to a method and memory controller for reading data
stored in a flash memory by referring to binary digit distribu-
tion characteristics of bit sequences read from memory cells
of the flash memory.

2. Description of the Prior Art

Flash memory can be electrically erased and programmed
for data storage. It is widely used in memory cards, solid-state
drives, portable multimedia players, etc. As the flash memory
is a non-volatile memory, no power is needed to maintain the
information stored in the flash memory. Besides, the flash
memory offers fast read access and better shock resistance.
These characteristics explain the popularity of the flash
memory.

The flash memories may be categorized into NOR-type
flash memories and NAND-type flash memories. Regarding
the NAND flash memory, it has reduced erasing and program-
ming time and requires less chip area per cell, thus allowing
greater storage density and lower cost per bit than the NOR
flash memory. In general, the flash memory stores data in an
array of memory cells made from floating-gate transistors.
Each memory cell can store one bit of information or more
than one bit of information by adequately controlling the
number of electrical charge on its floating gate to configure
the threshold voltage required for turning on the memory cell
made of a floating-gate transistor. In this way, when one or
more predetermined control gate voltages are applied to a
control gate of the floating-gate transistor, the conductive
status of the floating-gate transistor would indicate the binary
digit(s) stored by the floating-gate transistor.

However, due to certain factors, the number of electrical
charge originally stored on one flash memory cell may be
affected/disturbed. For example, the interference presented in
the flash memory may be originated from write (program)
disturbance, read disturbance, and/or retention disturbance.
Taking a NAND flash memory including memory cells each
storing more than one bit of information for example, one
physical page includes multiple logical pages, and each of the
logical pages is read by using one or more control gate volt-
ages. For instance, regarding one flash memory cell which is
configured to store three bits of information, the flash
memory cell may have one of eight possible states (i.e., elec-
trical charge levels) corresponding to different electrical
charge amounts (i.e., different threshold voltages), respec-
tively. However, due to the increase of the program/erase
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(P/E) count and/or the retention time, the threshold voltage
distribution of memory cells in the flash memory may be
changed. Thus, using original control gate voltage setting
(i.e., threshold voltage setting) to read the stored bits from the
memory cell may fail to obtain the correct stored information
due to the changed threshold voltage distribution.

SUMMARY OF THE INVENTION

In accordance with exemplary embodiments of the present
invention, a method and memory controller for reading data
stored in a flash memory by referring to binary digit distribu-
tion characteristics of bit sequences read from memory cells
of the flash memory are proposed to solve the above-men-
tioned problem.

According to a first aspect of the present invention, an
exemplary method for reading data stored in a flash memory
is disclosed. The exemplary method includes: controlling the
flash memory to perform a plurality of read operations upon
a plurality of memory cells included in the flash memory;
obtaining a plurality of bit sequences read from the memory
cells, respectively, wherein the read operations read bits of a
predetermined bit order from the memory cells by utilizing
different control gate voltage settings; and determining read-
out information of the memory cells according to binary digit
distribution characteristics of the bit sequences.

According to a second aspect of the present invention, an
exemplary method of accessing data in a flash memory
including a plurality of memory cells is disclosed. The exem-
plary method includes: determining binary digit distribution
characteristics of bit sequences read from the plurality of
memory cells; and determining readout information in accor-
dance with the binary digit distribution characteristics.

According to a third aspect of the present invention, an
exemplary apparatus for reading data stored in a flash
memory having a plurality of memory cells is disclosed. The
exemplary apparatus includes: a receiver for receiving a plu-
rality of bit sequences read from the plurality of memory
cells; and a controller coupled to the receiver for causing the
flash memory to perform a read operation at each of the
plurality of memory cells and for determining readout infor-
mation from the plurality of memory cells in accordance with
binary digit distribution characteristics of the plurality of bit
sequences.

According to a fourth aspect of the present invention, an
exemplary method for reading data stored in a flash memory
is disclosed. The exemplary method includes: controlling the
flash memory to perform a plurality of read operations upon
a plurality of memory cells included in the flash memory;
obtaining a plurality of bit sequences read from the memory
cells; obtaining a mapping rule according to the bit
sequences; and obtaining readout information of the memory
cells according to the mapping rule and the bit sequences.

These and other objectives of the present invention will no
doubt become obvious to those of ordinary skill in the art after
reading the following detailed description of the preferred
embodiment that is illustrated in the various figures and draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating a memory system according
to a first exemplary embodiment of the present invention.

FIG. 2 is a diagram illustrating a first exemplary threshold
voltage distribution of a target physical page to be read.

FIG. 3 is a diagram illustrating a second exemplary thresh-
old voltage distribution of the target physical page to be read.
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FIG. 4 is a diagram illustrating an exemplary L.SB reading
operation of reading a soft bit (i.e., a soft information value)
from a memory cell of the flash memory.

FIG. 5 is a diagram illustrating a mapping operation per-
formed by the determining unit shown in FIG. 1 for deter-
mining updated specific bit sequences.

FIG. 6 is a diagram illustrating an exemplary CSB reading
operation of reading a soft bit (i.e., a soft information value)
from a memory cell of the flash memory.

FIG. 7 is a diagram illustrating an exemplary MSB reading
operation of reading a soft bit (i.e., a soft information value)
from a memory cell of the flash memory.

FIG. 8 is a diagram illustrating another exemplary CSB
reading operation of reading a soft bit (i.e., a soft information
value) from a memory cell of the flash memory.

FIG.9is adiagram illustrating a memory system according
to a second exemplary embodiment of the present invention.

FIG.10is a diagram illustrating the adjustment made to the
control gate voltage used for reading [.SB data according to a
first embodiment of the present invention.

FIG. 11 is a diagram illustrating the operation of determin-
ing a shifting direction of the control gate voltage for finding
a better control gate voltage used for reading LSB data
according to a first embodiment of the present invention.

FIG. 12 is a diagram illustrating the adjustment made to the
control gate voltage used for reading [.SB data according to a
second embodiment of the present invention.

FIG. 13 is a diagram illustrating the operation of determin-
ing a shifting direction of the control gate voltage for finding
a better control gate voltage used for reading LSB data
according to a second embodiment of the present invention.

FIG. 14 is a diagram illustrating the adjustment made to
one of the control gate voltages used for reading CSB data
according to an embodiment of the present invention.

FIG. 15 is a diagram illustrating the adjustment made to the
other of the control gate voltages used for reading CSB data
according to an embodiment of the present invention.

FIG. 16 is a diagram illustrating the adjustment made to
both control gate voltages used for reading CSB data accord-
ing to an embodiment of the present invention.

FIG. 17 is a diagram illustrating the operation of determin-
ing shifting directions of the control gate voltages for finding
better control gate voltages used for reading CSB data accord-
ing to an embodiment of the present invention.

FIG. 18 is a diagram illustrating the adjustment made to
one of the control gate voltages used for reading MSB data
according to an embodiment of the present invention.

FIG. 19 is a diagram illustrating the adjustment made to
another of the control gate voltages used for reading MSB
data according to an embodiment of the present invention.

FIG. 20 is a diagram illustrating the adjustment made to yet
another of the control gate voltages used for reading MSB
data according to an embodiment of the present invention.

FIG. 21 is a diagram illustrating the adjustment made to a
remaining one of the control gate voltages used for reading
MSB data according to an embodiment of the present inven-
tion.

FIG. 22 is a diagram illustrating the adjustment made to
two of the control gate voltages used for reading MSB data
according to an embodiment of the present invention.

FIG. 23 is a diagram illustrating the adjustment made to the
other two of the control gate voltages used for reading MSB
data according to an embodiment of the present invention.

DETAILED DESCRIPTION

Certain terms are used throughout the description and fol-
lowing claims to refer to particular components. As one
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skilled in the art will appreciate, manufacturers may refer to a
component by different names. This document does not
intend to distinguish between components that differ in name
but not function. In the following description and in the
claims, the terms “include” and “comprise” are used in an
open-ended fashion, and thus should be interpreted to mean
“include, but not limited to . . . ”. Also, the term “couple” is
intended to mean either an indirect or direct electrical con-
nection. Accordingly, if one device is coupled to another
device, that connection may be through a direct electrical
connection, or through an indirect electrical connection via
other devices and connections.

The generalized conception of the present invention is to
read data stored in a flash memory by controlling the flash
memory to perform a plurality of read operations upon each
of'a plurality of memory cells included in the flash memory (it
should be noted that the read operations read bits of a prede-
termined bit order from each of the memory cells as one of the
bit sequences by utilizing different control gate voltage set-
tings), obtaining a plurality of bit sequences read from the
memory cells, respectively, and determining readout infor-
mation of the memory cells according to binary digit distri-
bution characteristics of the bit sequences. Further details are
described as follows.

Please note that the threshold voltage distribution illus-
trated in the accompanying figures and values of the control
gate voltages mentioned hereinafter are for illustrative pur-
poses only, and are not meant to be limitations of the present
invention. Besides, for simplicity and clarity, reading mul-
tiple bits stored by memory cells of one physical page in a
NAND-type flash memory is taken as an example for illus-
trating technical features of the present invention. However,
no matter whether the flash memory is a NAND-type flash
memory or a flash memory of other type (e.g., a NOR-type
flash memory), the spirit of the present invention is obeyed as
long as binary digit distribution characteristics of bit
sequences read from memory cells are used for determining
readout information of the memory cells.

Please refer to FIG. 1, which is a diagram illustrating a
memory system according to a first exemplary embodiment
of'the present invention. The exemplary memory system 100
includes a flash memory 102 and a memory controller 104. In
this exemplary embodiment, the flash memory 102 may be a
NAND-type flash memory including a plurality of physical
pagesP_0,P_1,P_2, ... P_N,wherein each ofthe physical
pages P_0-P_N includes a plurality of memory cells (e.g.,
floating-gate transistors) 103. For example, as to a target
physical page P_ 0 to beread, ithas memory cells M_ 0-M_K
included therein. To read the data stored in the memory cells
M__0-M_K of the target physical page P__ 0, the control gate
voltages VG__0-VG_N should be properly set. For example,
the control gate voltages VG__1-VG_N should be properly set
to ensure that all of the memory cells (floating-gate transis-
tors) 103 of the physical pages P_ 1-P_N are conductive. Ina
case where each of the memory cell 103 is configured to store
N bits (e.g., three bits including a least significant bit (LSB),
a central significant bit (CSB), and a most significant bit
(MSB)), the flash memory 102 sets the control gate voltage
VG_ 0to (2¥-1) voltage levels for identifying all of the N bits
of' each memory cell 103 of the target physical page P_ 0.

Please refer to FIG. 2, which is a diagram illustrating a first
exemplary threshold voltage distribution of the physical page
P_ Otoberead. The memory cells M_ 0-M_K of the physical
page P_0 may include memory cells with floating gates
programmed to have an electrical charge level LO (i.e., (MSB,
CSB, LSB)=(1, 1, 1)), memory cells with floating gates pro-
grammed to have an electrical charge level L1 (i.e., (MSB,
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CSB, LSB)=(0, 1, 1)), memory cells with floating gates pro-
grammed to have an electrical charge level L.2 (i.e., (MSB,
CSB, LSB)=(0, 0, 1)), memory cells with floating gates pro-
grammed to have an electrical charge level L3 (i.e., (MSB,
CSB, LSB)=(1, 0, 1)), memory cells with floating gates pro-
grammed to have an electrical level L4 (i.e., (MSB, CSB,
LSB)=(1, 0, 0)), memory cells with floating gates pro-
grammed to have an electrical level L5 (i.e., (MSB, CSB,
LSB)=(0, 0, 0)), memory cells with floating gates pro-
grammed to have an electrical charge level L6 (i.e., (MSB,
CSB, LSB)=(0, 1, 0)), and memory cells with floating gates
programmed to have an electrical charge level L7 (i.e., (MSB,
CSB, LSB)=(1, 1, 0)).

To identify LSBs of the memory cells M 0-M_K, the flash
memory 102 sets the control gate voltage VG_0 by the
threshold voltage VT 4 shown in FIG. 2. Next, the conduc-
tive state of each memory cell of the target physical page P_ 0
indicates whether the memory cell has an L.SB being “0” or
“1”. In this exemplary embodiment, when a memory cell of
the physical page P__0 is turned on by the threshold voltage
VT _ 4 applied to its control gate, the flash memory 102 will
output one binary digit “1” representative of the LSB; other-
wise, the flash memory 102 will output the other binary digit
“0” representative of the LSB.

To identify CSBs ofthe memory cells M__0-M_K, the flash
memory 102 sets the control gate voltage VG_0 by the
threshold voltages VI _ 2 and VT__6 shown in FIG. 2, respec-
tively. Similarly, the conductive state of each memory cell of
the target physical page P_ 0 indicates whether the memory
cell 103 has a CSB being “0” or “1”. In this exemplary
embodiment, when the memory cell is turned on by any of the
threshold voltages VT__2 and VT__6 applied to its control
gate, the flash memory 102 will output the binary digit “1”
representative of the CSB; when the memory cell is not turned
on by the threshold voltage VT 2 applied to its control gate
and is turned on by the other threshold voltage VT __6 applied
to its control gate, the flash memory 102 will output the binary
digit “0” representative of the CSB; and when the memory
cell is neither turned on by the threshold voltage VT_2
applied to its control gate nor turned on by the other threshold
voltage VT__6 applied to its control gate, the flash memory
102 will output the binary digit “1” representative of the CSB.

To identify MSBs of the memory cells M_0-M_K, the
flash memory 102 sets the control gate voltage VG__0 by the
threshold voltages VI _ 1, VT_3, VT_5, and VT__7 shown
in FIG. 2, respectively. Similarly, the conductive state of each
memory cell of the target physical page P_ 0 indicates
whether the memory cell has an MSB being “0” or “1”. In this
exemplary embodiment, when the memory cell is turned on
by any of the threshold voltages VI _1, VT_3, VT _5, and
VT__7 applied to its control gate, the flash memory 102 will
output the binary digit “1” representative of the MSB; when
the memory cell is not turned on by the threshold voltage
VT __1applied to its control gate and is turned on by any of the
threshold voltages VT_3, VT_5, and VT__7 applied to its
control gate, the flash memory 102 will output the binary digit
“0” representative of the MSB; when the memory cell is not
turned on by any of the threshold voltages VI_ 1 and VT_3
applied to its control gate and is turned on by any of the
threshold voltages VT__5 and VT__7 applied to its control
gate, the flash memory 102 will output the binary digit “1”
representative of the MSB; when the memory cell is not
turned on by any of the threshold voltages VI _1,VT 3, and
VT_5 applied to its control gate and is turned on by the
threshold voltage VT__7 applied to its control gate, the flash
memory 102 will output the binary digit “0” representative of
the MSB; and when the memory cell is not turned on by any
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6
of the threshold voltages VI_1, VT_3, VT_5,and VI _7
applied to its control gate, the flash memory 102 will output
the binary digit “1” representative of the MSB;

However, the threshold voltage distribution shown in FIG.
2 may be changed to become another threshold voltage dis-
tribution die to certain factors such as the increase of the P/E
count and/or the retention time. For example, the lobe-shaped
distribution corresponding to each electrical charge level may
be widened and/or shifted. Please refer to FIG. 3, which is a
diagram illustrating a second exemplary threshold voltage
distribution of the physical page P_ 0 to be read. As can be
seen from FIG. 3, the threshold voltage distribution is differ-
ent from that shown in FIG. 2. Setting the control gate voltage
VG_0 by the aforementioned threshold voltages VT 1-
VT__7 may fail to obtain the correct LSBs, CSBs, and MSBs
of the memory cells M__0-M_K of the target physical page
P_ 0. Specifically, when the memory cells M_ 0-M_K have
the threshold voltage distribution shown in FIG. 3, new
threshold voltages VI __1'-VT__7' should be used for obtain-
ing the stored information correctly. As a result, an error
correction code (ECC) operation performed upon the code-
word read from memory cells M_ 0-M_K may fail due to
uncorrectable errors presented in the codeword. In this exem-
plary embodiment, the memory controller 104 is devised to
adaptively track the threshold voltage distribution for reduc-
ing/eliminating uncorrectable errors presented in the code-
word read from memory cells of the physical page.

Please refer to FIG. 1 again. The memory controller 104 is
implemented to control access (read/write) of the flash
memory 102, and includes, but is not limited to, a control
logic 106 having a control unit 112, a determining unit 114,
and an identifying unit 116 included therein, a receiving
circuit 108, and an ECC circuit 110. Please note that only the
elements pertinent to the technical features of the present
invention are shown in FI1G. 1. That is, the memory controller
104 may include additional elements to support other func-
tionality. Generally, when receiving a read request for data
stored in the memory cells M__0-M_K of the target physical
page P_ 0, the control logic 106 is operative for controlling
the flash memory 102 to read requested data. Next, when the
flash memory 102 successfully identifies all bits stored in
each of the memory cells M__0-M_K, the readout informa-
tion which includes identified bits of the memory cells M__0-
M_K is received by the receiving circuit 108. As shown in
FIG. 1, the receiving circuit 108 has a storage device (e.g., a
memory device) 118 acting as a data buffer for temporarily
storing the readout information generated from the flash
memory 102. As known to those skilled in the art, part of the
memory cells 103 of one physical page is utilized for storing
ECC information (e.g., an ECC code). Thus, the ECC circuit
110 is operative to perform an ECC operation upon the read-
out information (e.g., a codeword) read from the physical
page. In this exemplary embodiment, the ECC circuit 110
includes an ECC detector 120 and an ECC corrector 122. The
ECC detector 120 is implemented for checking the correct-
ness of the readout information, thereby detecting the exist-
ence of any error bits. When notified by the ECC detector 120,
the ECC corrector 122 is operative for correcting error bits
found in the checked readout information. However, when the
number of error bits existing in the readout information
exceeds a maximum number of error bits that can be corrected
by the ECC corrector 122, the ECC corrector 122 indicates
that the readout information includes uncorrectable error bits.
Thus, the control logic 106 will enable the threshold voltage
distribution tracking mechanism proposed in the present
invention to determine the readout information which can
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pass the ECC parity check performed by the ECC circuit 110.
Details are described as below.

Inthis exemplary embodiment, the ECC circuit 110 may be
implemented by a low density parity-check (LDPC) decoder.
The control logic 106 controls the flash memory 102 to pro-
vide soft information to be decoded by the LDPC decoder. In
other words, the aforementioned readout information gener-
ated from reading the memory cells M__0-M_K is soft infor-
mation. Therefore, under the control of the control logic 106,
the flash memory 102 outputs multiple binary digits to serve
as one soft bit read from each of the memory cells M_ 0-
M_K. Specifically, the control logic 106 is arranged for con-
trolling the flash memory 102 to perform a plurality of read
operations (e.g., seven read operations) upon each of the
memory cells M__0-M_K of the target physical page P_ 0
when reading L.SB data, CSB data, or MSB data. Please note
that each read operation performed upon the memory cell
may utilize a control gate voltage setting including one or
more control gate voltages applied to a control gate of the
memory cell; in addition, different read operations may uti-
lize different control gate voltage settings. For example, a
read operation for LSB data utilizes a gate voltage setting
including one control gate voltage, a read operation for CSB
data utilizes a gate voltage setting including two control gate
voltages, and a read operation for MSB data utilizes a gate
voltage setting including four control gate voltages. The
receiving circuit 108 is coupled to the control logic 106, and
arranged for obtaining a plurality of bit sequences BS_ 0,
BS_1,..., BS_K read from the memory cells M_ 0-M_K,
respectively, wherein the read operations read bits of a pre-
determined bit order (e.g., LSBs, CSBs, or MSBs) from each
of'the memory cells M__0-M_K as one ofthe bit sequences by
utilizing different control gate voltage settings, and the bit
sequences BS_0-BS_K may be buffered in the storage
device 118 of the receiving circuit 108 for further processing.

Please refer to FIG. 4, which is a diagram illustrating an
exemplary LSB reading operation of reading a soft bit (i.e., a
soft information value) from a memory cell of the flash
memory 102. In accordance with the exemplary threshold
voltage distributions shown in FIG. 2 and FIG. 3, a memory
cell with any of the electrical charge levels 1.O-L.3 would store
LSB=1, and a memory cell with any of the electrical charge
levels [.4-1.7 would store LSB=0. In this exemplary embodi-
ment, the control unit 112 determines an initial control gate
voltage V; o5 and a voltage spacing D, and then controls the
flash memory 102 to perform seven read operations upon
each of the memory cells M_ 0-M_K. Based on the voltage
adjusting order OD1, the flash memory 102 sets the control
gate voltage VG_0 by V, 5, V; z+D, V,; x-D, V,; 42D,
V;s5=2D,V; x+3D, V, --3D, sequentially. Therefore, each
of the bit sequences BS__0-BS_M would have seven binary
digits sequentially obtained due to the applied control gate
voltagesV; oz, V;op+D, V, 5=D. V; 42D, V, -2D,V, o+
3D and V, .z-3D. Please note that each of the bit sequences
BS_ 0-BS_M acts as a soft bit representative of the soft infor-
mation read from a memory cell, and the binary digit obtained
due to the initial control gate voltage V, o5 may serve as a sign
bit (i.e., a hard bit value).

In this exemplary embodiment, each bit sequence may
have one of eight possible binary digit combinations BS1-
BS8. When the electrical charge currently stored on the float-
ing gate of the memory cell makes the threshold voltage of the
memory cell higher than V; .z+3D, the bit sequence read from
the memory cell would have the binary digit combination
BS8=0000000”. When the electrical charge currently stored
on the floating gate of the memory cell makes the threshold
voltage of the memory cell located between V; ;z+2D and
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V;s5+3D, the bit sequence read from the memory cell would
have the binary digit combination BS7=“0000010". When
the electrical charge currently stored on the floating gate of
the memory cell makes the threshold voltage of the memory
cell located between V; .x+D and V; 42D, the bit sequence
read from the memory cell would have the binary digit com-
bination BS6="0001010". When the electrical charge cur-
rently stored on the floating gate of the memory cell makes the
threshold voltage of the memory cell located between V,
and V; 4D, the bit sequence read from the memory cell
would have the binary digit combination BS5=“0101010".
When the electrical charge currently stored on the floating
gate of the memory cell makes the threshold voltage of the
memory cell lower than V; .—3D, the bit sequence read from
the memory cell would have the binary digit combination
BS1=1111111". When the electrical charge currently stored
on the floating gate of the memory cell makes the threshold
voltage of the memory cell located between V;z—2D and
V553D, the bit sequence read from the memory cell would
have the binary digit combination BS2=“1111110". When
the electrical charge currently stored on the floating gate of
the memory cell makes the threshold voltage of the memory
cell located between V; z-D and V, ..-2D, the bit sequence
read from the memory cell would have the binary digit com-
bination BS3="1111010". When the electrical charge cur-
rently stored on the floating gate of the memory cell makes the
threshold voltage of the memory cell located between V, o
and V,-D, the bit sequence read from the memory cell
would have the binary digit combination BS4=1101010".

When all of the binary digits included in a bit sequence are
1’s, this means that the corresponding memory cell has the
electrical charge level LO, L1, L2, or L3, and the reliability of
LSB=1 may be high. When all of the binary digits included in
a bit sequence are 0’s, this means that the corresponding
memory cell has the electrical charge level L5, 1.6, 1.7, or L8,
and the reliability of LSB=0 may be high. However, when a
bit sequence has different binary digits “0” and “1” included
therein, this means that the corresponding memory cell has
the electrical charge level L3 or L4. As the threshold voltage
of the corresponding memory cell is between V; ,—3D and
V;s5+3D, the reliability of LSB=1/L.SB=0 may be low due to
the fact that the error probability may be high. For example, a
memory cell which originally stores LSB=0 would have an
amount of stored electrical charge corresponding to the elec-
trical charge level 1.4 to make the threshold voltage higher
than V; ;z+3D. However, when the P/E count/retention time
is increased, the amount of stored electrical charge is
changed, which may make the threshold voltage lower than
V5 Similarly, a memory cell which originally stores
LSB=1 would have an amount of stored electrical charge
corresponding to the electrical charge level 1.3 to make the
threshold voltage lower than V; ;;-3D. However, when the
P/E count/retention time is increased, the amount of stored
electrical charge is changed, which may make the threshold
voltage higher than V, .. To put it simply, when the threshold
voltage distribution is changed, a memory cell which origi-
nally stores LSB=1 may be erroneously regarded as a
memory cell which stores LSB=0, and a memory cell which
originally stores LSB=0 may be erroneously regarded as a
memory cell which stores LSB=1.

Therefore, the bit sequences each having one of the binary
digit combinations BS2-BS7 should be monitored to track the
threshold voltage distribution variation around the initial con-
trol gate voltage V; oz (i.e., the threshold voltage distribution
variation between the electrical charge levels .3 and [.4). The
identifying unit 116 is therefore arranged for identifying a
specific bit sequence of at least one specific memory cell,
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wherein each specific bit sequence has different binary digits
“1” and “0” included therein. The determining unit 114 is
coupled to the identifying unit, and arranged for determining
an updated bit sequence of the at least one specific memory
cell according to at least the specific bit sequence. By way of
example, the determining unit 114 determines the updated bit
sequence of the at least one specific memory cell by mapping
the specific bit sequence to the updated bit sequence.

Please refer to FIG. 5, which is a diagram illustrating a
mapping operation performed by the determining unit 114
shown in FIG. 1 for determining updated specific bit
sequences. The bit sequences BS_ 0-BS_K generated from
memory cells M__0-M_K of the target physical page P_ 0 are
also stored into the storage device 108 acting as a data buffer.
When the ECC corrector 122 indicates that the bit sequences
BS_ 0-BS_K include uncorrectable error bits, the identifying
unit 116 is operative to monitor the bit sequences BS_ 0-
BS_K and identify specific bit sequences each having difter-
ent binary digits “0” and “1” included therein (i.e., specific bit
sequences each having the binary digit combination BS2,
BS3, BS4, BSS, BS6, or BS7). In this exemplary embodi-
ment, the determining unit 114 determines a mapping rule
according to the specific bit sequences identified by the iden-
tifying unit 116. For example, the determining unit 114 may
count specific bit sequences having the binary digit combi-
nations BS2, BS3, BS4, BS5, BS6, and BS7 and then derive
a histogram shown in FIG. 5. As can be seen from the illus-
trated histogram, the local minimum of the threshold voltage
distribution corresponds to the shifted control gate voltage
V;s5-D rather than the initial control gate voltage V; 5,
implying that the initial control gate voltage V, . is no longer
the optimum control gate voltage for identifying L.SBs of
memory cells due to change of the threshold voltage distri-
bution. Regarding the changed threshold voltage distribution,
the shifted control gate voltage V; z—D would be a better
control gate voltage for identifying L.SBs of memory cells.
Therefore, based on the histogram of the specific bit
sequences identified by the identifying unit 116, the deter-
mining unit 114 is capable of determining the desired map-
ping rule. For example, in accordance with the relationship
between the initial control gate voltage V, .5 and the shifted
control gate voltage V; ;—D, the mapping rule will define
that each specific bit sequence having the binary digit com-
bination BS2 should be adjusted to have the binary digit
combination BS3 (i.e., mapped to the binary digit combina-
tion BS3), each specific bit sequence having the binary digit
combination BS3 should be adjusted to have the binary digit
combination BS4 (i.e., mapped to the binary digit combina-
tion BS4), each specific bit sequence having the binary digit
combination BS4 should be adjusted to have the binary digit
combination BS5 (i.e., mapped to the binary digit combina-
tion BS5), each specific bit sequence having the binary digit
combination BSS5 should be adjusted to have the binary digit
combination BS6 (i.e., mapped to the binary digit combina-
tion BS6), each specific bit sequence having the binary digit
combination BS6 should be adjusted to have the binary digit
combination BS7 (i.e., mapped to the binary digit combina-
tion BS7), and each specific bit sequence having the binary
digit combination BS7 should be adjusted to have the binary
digit combination BSS8 (i.e., mapped to the binary digit com-
bination BS8). In this way, the error probability of the updated
specific bit sequence is effectively lowered due to the adjust-
ment made to the original binary digit combination.

Next, the bit sequences BS_ 0-BS_K with one or more bit
sequences updated/adjusted by the determining unit 114
according to the mapping rule are processed by the ECC
circuit (e.g., an LDPC decoder) 110 again. As the number of
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error bits can be reduced by the determining unit 114 collabo-
rating with the identifying unit 116, the ECC circuit 110 may
have chance to successfully correct any error bits found in the
currently processed readout information (i.e., soft informa-
tion) of the physical page P_ 0. When the ECC corrector 122
indicates that the decoded result generated from the ECC
circuit 110 is error-free, the read operation of reading L.SB
data of the memory cells M__0-M_K of the target physical
page P_ 0 is accomplished. On the other hand, when the ECC
corrector 122 indicates that the currently processed readout
information still contains uncorrectable error bits, the deter-
mining unit 116 may further adjust the mapping rule for
reducing the error probability of the specific bit sequence
identified by the identifying unit 116.

In above exemplary embodiment, the determining unit 114
performs the mapping operation to update the specific bit
sequences identified by the identifying unit 116. However,
this is for illustrative purposes only, and is not meant to be a
limitation of the present invention. In an alternative design,
after the determining unit 144 determines that the shifted
control gate voltage V; .5—D should be the optimum control
gate voltage for identifying L.SBs of memory cells M_ 0-
M_K, the control unit 106 may be configured to set the initial
control gate voltage by V,5—D, and then control the flash
memory 102 to perform seven read operations upon each of
the memory cells M__0-M_K according to the updated initial
control gate voltage V,z-D and the voltage spacing D.
Based on the same voltage adjusting order OD1, the flash
memory 102 sets the control gate voltage VG_0by V,; z-D,
Vise: Visg=2D, VgD, Vig=3D, V42D, V4D,
sequentially. Therefore, the flash memory 102 outputs new bit
sequences BS_0-BS_M, wherein each of the new bit
sequences BS_0-BS_M has seven binary digits sequentially
obtained due to the control gate voltages V;z-D, V; .z,
V552D, V, p+D, V, . .~3D,V, .+2D and V, .,—-4D. Next,
the ECC circuit (e.g., an LDPC decoder) 110 processes the
new bit sequences BS_ 0-BS_M (i.e., an updated codeword
read from the physical page P_0) to correct any error bits
found in the new bit sequences BS_0-BS_M. The same
objective of generating readout information which can pass
the ECC parity check is achieved.

Briefly summarized, in a case where each read operation
utilizes only one control gate voltage applied to a control gate
of each of the memory cells, and the control gate voltage
utilized by one read operation is different from the control
gate voltage utilized by another read operation, the identify-
ing unit 116 is implemented for identifying any specific bit
sequence having different binary digits included therein, and
the determining unit 114 is implemented for determining
updated specific bit sequence (s) according to the specific bit
sequence (s) identified by the identifying unit 116. In one
exemplary design, the determining unit 114 determines the
updated bit sequences by performing a mapping operation
upon the specific bit sequences. In another exemplary design,
the determining unit 114 determines a new initial control gate
voltage, and the control unit 112 refers to the new initial
control gate voltage to control the flash memory 102 to output
bit sequences having updated specific bit sequence (s)
included therein.

Please refer to FIG. 6, which is a diagram illustrating an
exemplary CSB reading operation of reading a soft bit (i.e., a
soft information value) from a memory cell of the flash
memory 102. In accordance with the exemplary threshold
voltage distributions shown in FIG. 2 and FIG. 3, a memory
cell with any of the electrical charge levels 1.0, .1, L6, and .7
would store CSB=1, and a memory cell with any of the
electrical charge levels [.2-1.5 would store CSB=0. In this
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exemplary embodiment, the control unit 112 determines two
initial control gate voltages V ~sz,, V ~s5, and a voltage spac-
ing D, and then controls the flash memory 102 to perform
seven read operations upon each of the memory cells M_ 0-
M_K. Based on the voltage adjusting order OD1, the flash
memory 102 sets the control gate voltage VG_ 0 by Vg5,
Vess1+D: Vess=Ds Vss #2D, V oz, 2D, Vg5, +3D, and
Vesg1=3D, sequentially. Besides, based on the voltage
adjusting order OD2 that is different from the voltage adjust-
ing order OD1, the flash memory 102 sets the control gate
voltage VG_0 by Vg, Vessa=D, Vs tD, Vegso—2D,
Vesgat2D, V ooz, -3D, and V - 5,+3D, sequentially. Specifi-
cally, the flash memory 102 utilizes two control gate voltages
V osp; and V oz to determine the first binary digit of the bit
sequence, utilizes two control gate voltages V g5, +D and
V os5.—D to determine the second binary digit of the bit
sequence, utilizes two control gate voltages V g5,-D and
Vsgat+D to determine the third binary digit of the bit
sequence, utilizes two control gate voltages V ¢z, +2D and
V csg2—2D to determine the fourth binary digit of the bit
sequence, utilizes two control gate voltages V .oz, -2D and
Vsga+2D to determine the fifth binary digit of the bit
sequence, utilizes two control gate voltages V .oz, +3D and
Vsga—3D to determine the sixth binary digit of the bit
sequence, and utilizes two control gate voltages V g5, -3D
and V ~5,+3D to determine the seventh binary digit of the bit
sequence. Please note that the voltage spacing D may be
adjustable, and the voltage spacing used for adjusting the
control gate voltage V .z, in the voltage adjusting order OD1
may be different from the voltage spacing used for adjusting
the control gate voltage V -z, in the voltage adjusting order
OD2.

As mentioned above, the flash memory 102 is capable of
determining a hard bit value (i.e., CSB) of each of the memory
cells M_ 0-M_K by the initial control gate voltages V oz,
andV .¢5,. Therefore, each of the bit sequences BS_ 0-BS_M
has seven binary digits obtained due to the control gate volt-
ages Veszrs VessitDs VeaspitD, Vegg 42D, Vg —2D,
Vesp1+3D, Vs =3D, Vasgs, Vesga=D, VesgatD, Vesga—
2D,V cs5:+2D, V 55,-3D, and V . z,+3D. Please note that
each of the bit sequences BS__0-BS_M acts as a soft bit
representative of the soft information read from a memory
cell, and the binary digit obtained due to the initial control
gate voltage V5, or Vo5, may serve as a sign bit (i.e., a
hard bit value).

Similarly, each bit sequence may have one of eight possible
binary digit combinations BS1-BS8. When the electrical
charge currently stored on the floating gate of the memory cell
makes the threshold voltage of the memory cell higher than
V csg2+3D or lower than V g5,-3D, the bit sequence read
from the memory cell would have the binary digit combina-
tion BS1=“1111111". When the electrical charge currently
stored on the floating gate of the memory cell makes the
threshold voltage of the memory cell located between V g5, +
2D andV o g5,+3D or located betweenV g5, -2D and V o5, —
3D, the bit sequence read from the memory cell would have
the binary digit combination BS2=1111110". When the
electrical charge currently stored on the floating gate of the
memory cell makes the threshold voltage of the memory cell
located between V gz, +D and V ~¢5,+2D or located between
Visg—D and V gz, -2D, the bit sequence read from the
memory cell would have the binary digit combination
BS3=1111010". When the electrical charge currently stored
on the floating gate of the memory cell makes the threshold
voltage of the memory cell located between V oz, and
V csgat+D or located between Vgz, and V5, -D, the bit
sequence read from the memory cell would have the binary
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digit combination BS4=“1101010”. When the electrical
charge currently stored on the floating gate of the memory cell
makes the threshold voltage of the memory cell located
between V g5,—-3D and V gz, +3D, the bit sequence read
from the memory cell would have the binary digit combina-
tion BS8=“0000000”. When the electrical charge currently
stored on the floating gate of the memory cell makes the
threshold voltage of the memory cell located between V gz,—
2D andV . 5,-3D orlocated betweenV .o, +2D and V .z, +
3D, the bit sequence read from the memory cell would have
the binary digit combination BS7=0000010". When the
electrical charge currently stored on the floating gate of the
memory cell makes the threshold voltage of the memory cell
located between V . gz,—-D and V ¢,-2D or located between
Vesg+D and Vg, +2D, the bit sequence read from the
memory cell would have the binary digit combination
BS6=0001010". When the electrical charge currently stored
on the floating gate of the memory cell makes the threshold
voltage of the memory cell located between V gz, and
Vosga—D or located between Vgz, and V z,+D, the bit
sequence read from the memory cell would have the binary
digit combination BS5=0101010".

When all of the binary digits included in a bit sequence are
1’s, this means that the corresponding memory cell has the
electrical charge level LO, L1, L6, or .7, and the reliability of
CSB=1 may be high. When all of the binary digits included in
a bit sequence are 0’s, this means that the corresponding
memory cell has the electrical charge level L2, .3,1.4, or LS,
and the reliability of CSB=0 may be high. However, when a
bit sequence have different binary digits “0”” and “1”” included
therein, this means that the corresponding memory cell has
the electrical charge level L1, .2, L5, or 6. As the threshold
voltage of the corresponding memory cell is located between
Vesg1=3D and Vg5, +3D or located between V g5,-3D and
V c55.+3D, the reliability of CSB=1/CSB=0 may be low due
to the fact that the error probability may be high. Therefore,
the bit sequences each having one of the binary digit combi-
nations BS2-BS7 should be monitored to track the threshold
voltage distribution variation around the initial control gate
voltages V 5, and V45, (i.e., the threshold voltage distri-
bution variation between the electrical charge levels [.1 and
L2, and the threshold voltage distribution variation between
the electrical charge levels L5 and L6).

The identifying unit 116 identifies specific bit sequences
each having different binary digits “0” and “1” included
therein. However, as the flash memory 102 simply outputs
one bit sequence of a memory cell in response to seven read
operations each utilizing two control gate voltages, the
memory controller 104 does not know whether the bit
sequence is generated from a memory cell having a threshold
voltage betweenV gz, +3D and V 45, 3D or generated from
amemory cell having a threshold voltage between V sz, +3D
and V ~sz,-3D. For example, when the bit sequence BS_ 0
has the binary digit combination BS2 (i.e., “1111110”), the
memory cell M__0 may have a threshold voltage located
between V g5,+2D and V g5,+3D or located between
Vesg1—2D and V gz, -3D. Thus, to use the aforementioned
threshold voltage distribution tracking mechanism employed
for updating the specific bit sequences each having different
binary digits “0” and “1” included therein, it is necessary to
discriminate between a specific bit sequence generated from
a memory cell having a threshold voltage located between
Vos51-3D and V.5, +3D and a specific bit sequence gener-
ated from a memory cell having a threshold voltage located
between V gz,-3D and V 5, +3D.

In one exemplary design, the identifying unit 116 identifies
each specific bit sequence of a specific memory cell by further



US 9,230,673 B2

13

referring to identified bit (s) of the specific memory cell. For
example, reading the LSB data of the memory cells M_ 0-
M_K is performed prior to reading the CSB data of the
memory cells M__0-M_K. Therefore, before the control unit
112 controls the flash memory 102 to output soft bits (i.e., soft
information values) of the CSB data, the L.SB bits of the
memory cells M 0-M_K are known in advance. When find-
ing a specific bit sequence with different binary digits
included therein, the identifying unit 116 refers to an L.SB bit
of the specific memory cell which outputs the specific bit
sequence to thereby identify whether the specific bit sequence
is generated from the specific memory cell having a threshold
voltage located between V g5, -3D and V o4z, +3D or gener-
ated from the specific memory cell having a threshold voltage
located between V g5,-3D and V gz,+3D.

As mentioned above, the determining unit 114 is arranged
for determining an updated bit sequence of the at least one
specific memory cell according to at least the specific bit
sequence. By way of example, the determining unit 114 deter-
mines the updated bit sequence of the at least one specific
memory cell by mapping the specific bit sequence to the
updated bit sequence. In this exemplary design, the bit
sequences BS_0-BS_K generated from the physical page
P__0 are buffered in the storage device 108. When the ECC
corrector 122 indicates that the bit sequences BS_ 0-BS_K
include uncorrectable error bits, the identifying unit 116 is
operative to monitor the bit sequences BS_ 0-BS_K andiden-
tify specific bit sequences each having different binary digits
“0” and “1” included therein (i.e., specific bit sequences each
having the binary digit combination BS2, BS3, BS4, BSS,
BS6, or BS7). Specifically, with the help of identified bits
(e.g., LSBs) of the memory cells M__0-M_K, the identifying
unit 116 is capable of distinguish between specific bit
sequences generated from specific memory cells each having
a threshold voltage located between V ~oz,-3D and V 5, +
3D and specific bit sequences generated from specific
memory cells each having a threshold voltage located
between V g5,-3D and V g5, +3D.

Next, the determining unit 114 determines a first mapping
rule according to a first histogram derived from counting the
specific bit sequences that are generated from identified spe-
cific memory cells each having a threshold voltage located
between V., -3D and Vg, +3D, and also determines a
second mapping rule according to a second histogram derived
from counting identified specific bit sequences that are gen-
erated from specific memory cells each having a threshold
voltage located between V sz,—-3D and V 45,+3D. In addi-
tion, based on the first histogram, a new initial control gate
voltage corresponding to a local minimum of the threshold
voltage distribution corresponding to the electrical charge
levels .1 and .2 can be found. Similarly, based on the second
histogram, a new initial control gate voltage corresponding to
a local minimum of the threshold voltage distribution corre-
sponding to the electrical charge levels L5 and L6 can be
found. After determining the first mapping rule, the determin-
ing unit 114 updates the specific bit sequences that are gen-
erated from identified specific memory cells each having a
threshold voltage located betweenV g5, -3D and V 5, +3D.
Similarly, after determining the second mapping rule, the
determining unit 114 updates the specific bit sequences that
are generated from identified specific memory cells each
having a threshold voltage located between V oz,-3D and
V cs5.+3D. In this way, the error probability of the specific bit
sequence is effectively lowered due to the adjustment made to
the original binary digit combination. As a person skilled in
the art can readily understand details directed to determining
the first and second mapping rules and updating the specific
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bit sequences by the first and second mapping rules after
reading above paragraphs pertinent to the example shown
FIG. 5, further description is omitted here for brevity.

Next, the bit sequences BS__0-BS_K with one or more bit
sequences updated/adjusted by the determining unit 114
according to the first and second mapping rules are processed
by the ECC circuit (e.g., an LDPC decoder) 110 again. As the
number of error bits can be reduced by the determining unit
114 collaborating with the identifying unit 116, the ECC
circuit 110 may have chance to successfully correct any error
bits remaining in the currently processed readout information
(i.e., soft information) of the physical page P_ 0. When the
ECC corrector 122 indicates that the decoded result generated
from the ECC circuit 110 is error-free, the read operation of
reading CSB data of the memory cells M__0-M_K of the
target physical page P_ 0 is accomplished. On the other hand,
when the ECC corrector 122 indicates that the currently pro-
cessed readout information still contains uncorrectable error
bits, the determining unit 116 may further adjust the first and
second mapping rules to try reducing the error probability of
the specific bit sequence identified by the identifying unit
116.

In above exemplary embodiment, the determining unit 114
performs the mapping operation to update the specific bit
sequences identified by the identifying unit 116. However,
this is for illustrative purposes only, and is not meant to be a
limitation of the present invention. In an alternative design,
after the determining unit 144 determines that other control
gate voltages different from V gz, and V g5, should be better
control gate voltages for identifying CSBs of the memory
cells M__0-M_K, the control unit 106 may be configured to
set the initial control gate voltages by voltage values found
using the first histogram and the second histogram, and then
control the flash memory 102 to perform seven read opera-
tions upon each of'the memory cells M 0-M_K according to
the updated initial control gate voltages. Therefore, the flash
memory 102 outputs new bit sequences BS_ 0-BS_M. Next,
the ECC circuit 110 processes the new bit sequences BS_ 0-
BS_M (i.e., an updated codeword read from the physical page
P_ 0)to correct any error bits found in the new bit sequences
BS_ 0-BS_M. As a person skilled in the art can readily under-
stand related operation after reading above paragraphs, fur-
ther description is omitted here for brevity.

Briefly summarized, in a case where each read operation
utilizes more than one control gate voltage (e.g., two control
gate voltages) applied to a control gate of each of the memory
cells, and control gate voltages utilized by one read operation
is different from control gate voltages utilized by another read
operation, the identifying unit 116 is implemented for iden-
tifying any specific bit sequence having different binary digits
included therein according to each identified bit of the spe-
cific memory cell which outputs the specific bit sequence, and
the determining unit 114 is implemented for determining
updated specific bit sequences according to the specific bit
sequences identified by the identifying unit 116. In one exem-
plary design, the determining unit 114 determines the updated
bit sequences by performing a mapping operation upon the
specific bit sequences. In another exemplary design, the
determining unit 114 determines new initial control gate volt-
ages, and the control unit 112 refers to the new initial control
gate voltages to control the flash memory 102 to output bit
sequences having updated specific bit sequence (s) included
therein.

Please refer to FIG. 7, which is a diagram illustrating an
exemplary MSB reading operation of reading a soft bit (i.e., a
soft information value) from a memory cell of the flash
memory 102. In accordance with the exemplary threshold
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voltage distributions shown in FIG. 2 and FIG. 3, a memory
cell with any of the electrical charge levels 1.0, .3, L4, and .7
would store MSB=1, and a memory cell with any of the
electrical charge levels L1, L2, L5, and L6 would store
MSB=0. In this example, the control unit 112 determines four
initial control gate voltages V,,cz51, Varssas Varssss Yarssa a0d
a voltage spacing D, and then controls the flash memory 102
to perform seven read operations upon each of the memory
cells M_ 0-M_K. Based on the voltage adjusting order OD1,
the flash memory 102 sets the control gate voltage VG__0 by
Vassr, Vasm D Vagss—Ds Vi #2D, Vi -2D,
Vs +3D, and V, .-, -3D, sequentially, and further sets the
control gate voltage VG_0 by V,,cz3, Varses+D, Viasess—D,
Viarszst2D, V,y oz -2D,V, o 4+3D, and V, ;o2 -3D, sequen-
tially. Besides, based on the voltage adjusting order OD2 that
is different from the voltage adjusting order OD1, the flash
memory 102 also sets the control gate voltage VG_0 by
Vasssz VasszeDs VagspotDs Vargpo—2D, Vi +2D,
Viarssa—3D, and V, ,+3D, sequentially, and further sets the
control gate voltage VG_0 by V,,cz4, Varsza=D, VasepatD,
Viarsza—2D,Vyepa+2D,V, o2 ~3D, and V, ;o +3D, sequen-
tially. Specifically, the flash memory 102 determines the first
binary digit of the bit sequence by four control gate voltages
Viasssis Vagszss Varssss and V.. determines the second
binary digit of the bit sequence by four control gate voltages
Viarss1+D, Viagers=D, Ve 4D, and V,,oz,—D, determines
the third binary digit of the bit sequence by four control gate
voltages V,,z-D, V54D, Vy,ops-D, and V, ,+D,
determines the fourth binary digit of the bit sequence by four
control gate voltages V, ;o 42D,V /02,—2D,V, ;- +2D, and
Visspa—2D, determines the fifth binary digit of the bit
sequence by four control gate voltages V,,c53—2D, V, co-+
2D, V,555-2D, and V, ;.. +2D, determines the sixth binary
digit of the bit sequence by four control gate voltages V,, ;o5 +
3D, V553D, V, 1653+3D, and V, ;sz,-3D, and determines
the seventh binary digit of the bit sequence by four control
gate voltages V,,1-3D, V,,+3D, V,,z.-3D, and
Vissa+3D. Please note that the voltage spacing D may be
adjustable, and the voltage spacing values used for adjusting
the control gate voltages V, ;z1 —V 54 may be different from
one another.

As mentioned above, the flash memory 102 is capable of
determining a hard bit value (i.e., MSB) of each of the
memory cells M__0-M_K by the initial control gate voltages
Viasssis Vagsgas Yarsess and Vo, Therefore, each of the bit
sequences BS_ 0-BS_M has seven binary digits obtained due
to the above-mentioned voltages. Please note that each of the
bit sequences BS_ 0-BS_M acts as a soft bit representative of
the soft information read from a memory cell, and the binary
digit obtained due to the initial control gate voltage V, oz,
Vasssas Y arssss O Vs, may serve as a sign bit (i.e., ahard bit
value).

Similarly, each bit sequence may have one of eight possible
binary digit combinations BS1-BS8. When the electrical
charge currently stored on the floating gate of the memory cell
makes the threshold voltage of the memory cell higher than
Visssat3D, lower than V,,,-3D, or located between
Viarss+3D and V), ,5-3D, the bit sequence read from the
memory cell would have the binary digit combination
BS1=1111111". When the electrical charge currently stored
on the floating gate of the memory cell makes the threshold
voltage of the memory cell located between V, oz, +2D and
Vissz:+3D, located between Vo -2D and V,,,-3D,
located between V,,5,—-2D and V,,.z-3D, or located
between V,,oz,+2D and V,,,+3D, the bit sequence read
from the memory cell would have the binary digit combina-
tion BS2=“1111110". When the electrical charge currently
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stored on the floating gate of the memory cell makes the
threshold voltage of the memory cell located between
ViasspatD and V,,,+2D, located between V, z,+D and
Viss+2D, located between V,,oz-D and V, .z, -2D, or
located between V, ;oz;—D and V, ,-2D, the bit sequence
read from the memory cell would have the binary digit com-
bination BS3="1111010". When the electrical charge cur-
rently stored on the floating gate of the memory cell makes the
threshold voltage of the memory cell located between V, ;o5
and V, ;oz,+D, located between V, ;o5 and V, ;o,+D, located
between V, 5, and V, .z, —D, or located from the between
Vssss and vV, 2-—D, the bit sequence read from the memory
cell would have the binary digit combination
BS4=<1101010". When the electrical charge currently stored
on the floating gate of the memory cell makes the threshold
voltage of the memory cell located between V, sz,~3D and
Viss53+3D or located between V,,z,-3D and V, 43D,
the bit sequence read from the memory cell would have the
binary digit combination BS8=“0000000". When the electri-
cal charge currently stored on the floating gate of the memory
cell makes the threshold voltage of the memory cell located
between V,,z,~2 D and V,,,-3D, located between
Viasssa—2D and V, ,oz,-3D, located between V, ;oz, +2D and
Vass1+3D, or located between V42D and V, ,o5:+3D,
the bit sequence read from the memory cell would have the
binary digit combination BS7=“0000010". When the electri-
cal charge currently stored on the floating gate of the memory
cell makes the threshold voltage of the memory cell located
between V,,,-D and V,,,-2D, located between
Viasssa—D and V,,2,-2D, located between V, oz, +D and
Visss1+2D, orlocated between V, ;o5 +D and V, o5 +2D, the
bit sequence read from the memory cell would have the binary
digit combination BS6=“0001010”. When the electrical
charge currently stored on the floating gate of the memory cell
makes the threshold voltage of the memory cell located
between V, oz, and V,,,—D, located between V, oz, and
Vassa—D, located between V, oz, and V, oz, +D, or located
between Vo5 and V, .5 +D, the bit sequence read from the
memory cell would have the binary digit combination
BS5=0101010".

When all of the binary digits included in a bit sequence are
1’s, this means that the corresponding memory cell has the
electrical charge level 1O, L3, L4, or .7, and the reliability of
MSB=1 may be high. When all of the binary digits included in
a bit sequence are 0’s, this means that the corresponding
memory cell has the electrical charge level L1, .2, L5, or L6,
and the reliability of MSB=0 may be high. However, when a
bit sequence have different binary digits “0”” and “1”” included
therein, this means that the corresponding memory cell has
the electrical charge level being one of LO-L7. As the thresh-
old voltage of the corresponding memory cell is located
betweenV, oz -3D and V, 5, +3D, located betweenV, ;o »—
3D and V, ;s5,+3D, located between V, ;»;-3D and V, ;. +
3D, or located between V,,z,-3D and V,,.+3D, the reli-
ability of MSB=1/MSB=0 may be low due to the fact that the
error probability may be high. Therefore, the bit sequences
each having one of the binary digit combinations BS2-BS7
should be monitored to track the threshold voltage distribu-
tion variation around the initial control gate voltages V, ;sz, —
Visza (€., the threshold voltage distribution variation
between the electrical charge levels [.O and L1, the threshold
voltage distribution variation between the electrical charge
levels [.2 and L3, the threshold voltage distribution variation
between the electrical charge levels 1.4 and L5, and the
threshold voltage distribution variation between the electrical
charge levels 1.6 and L.7).
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Similarly, as the flash memory 102 simply outputs one bit
sequence of a memory cell in response to seven read opera-
tions each utilizing four control gate voltages, it is necessary
to discriminate among a specific bit sequence generated from
a memory cell having a threshold voltage located between
Visss1—3D and 'V, ., +3D, a specific bit sequence generated
from a memory cell having a threshold voltage located
between V,,.z,-3D and V,,,+3D, a specific bit sequence
generated from a memory cell having a threshold voltage
located betweenV, ;sz5-3D and V, ;o +3D, and a specific bit
sequence generated from a memory cell having a threshold
voltage located between V,,sz,-3D and V,,;z,+3D. In one
exemplary design, the identifying unit 116 identifies each
specific bit sequence of a specific memory cell by further
referring to identified bit (s) of the specific memory cell. For
example, reading the LSB data and CSB data of the memory
cells M_ 0-M_K is performed prior to reading the MSB data
of the memory cells M__0-M_K. Therefore, before the con-
trol unit 112 controls the flash memory 102 to output soft bits
(i.e., soft information values) of the MSB data, the L.SBs and
CSBs of the memory cells M 0-M_K are known in advance
and therefore can be utilized by the identifying unit 116 to
identify whether the specific bit sequence is generated from
the specific memory cell having a threshold voltage located
between V,,z,-3D and V, ., +3D, generated from the spe-
cific memory cell having a threshold voltage located between
Viarss—3D and V43D, generated from the specific
memory cell having a threshold voltage located between
Vissss=3D and V,,-.+3D, or generated from the specific
memory cell having a threshold voltage located between
Vasspa—3D and Vo2, +3D.

As mentioned above, the determining unit 114 is arranged
for determining an updated bit sequence of the at least one
specific memory cell according to at least the specific bit
sequence. By way of example, the determining unit 114 deter-
mines the updated bit sequence of the at least one specific
memory cell by mapping the specific bit sequence to the
updated bit sequence. In this exemplary design, the bit
sequences BS_ 0-BS_K generated from the physical page
P_ 0 are buffered in the storage device 108. When the ECC
corrector 122 indicates that the bit sequences BS_ 0-BS_K
include uncorrectable error bits, the identifying unit 116 is
operative to monitor the bit sequences BS_ 0-BS_K andiden-
tify specific bit sequences each having different binary digits
“0” and “1” included therein (i.e., specific bit sequences each
having the binary digit combination BS2, BS3, BS4, BSS,
BS6, or BS7). Specifically, with the help of identified bits
(e.g., LSBs and CSBs) of the memory cells M_ 0-M_K, the
identifying unit 116 is capable of identifying specific bit
sequences generated from specific memory cells each having
a threshold voltage located between V oz, -3D and V, ;o5 +
3D, identifying specific bit sequences generated from specific
memory cells each having a threshold voltage located
between V, ,,—3D and V, ,.-,+3D, identifying specific bit
sequences generated from specific memory cells each having
a threshold voltage located between V, ;oz,-3D and V, ;. +
3D, and identifying specific bit sequences generated from
specific memory cells each having a threshold voltage located
between V,,¢,—3D and V, ;o +3D.

Next, the determining unit 114 determines a first mapping
rule according to a first histogram derived from counting the
specific bit sequences that are generated from identified spe-
cific memory cells each having a threshold voltage located
between V,,z-3D and V., +3D, determines a second
mapping rule according to a second histogram derived from
counting identified specific bit sequences that are generated
from specific memory cells each having a threshold voltage
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located between V,,s5,—-3D and V,,z,+3D, determines a
third mapping rule according to a third histogram derived
from counting identified specific bit sequences that are gen-
erated from specific memory cells each having a threshold
voltage located between V,,z:-3D and V,,-;+3D, and
determines a fourth mapping rule according to a fourth his-
togram derived from counting identified specific bit
sequences that are generated from specific memory cells each
having a threshold voltage located between V,,z,—3D and
Vasssat3D.

As a person skilled in the art can readily understand details
of reading MSB data from the memory cells after reading
above paragraphs illustrating details of reading CSB data
from the memory cells, further description is omitted here for
brevity.

Briefly summarized, in a case where each read operation
utilizes more than one control gate voltage (e.g., four control
gate voltages) applied to a control gate of each of the memory
cells, and control gate voltages utilized by one read operation
is different from control gate voltages utilized by another read
operation, the identifying unit 116 is implemented for iden-
tifying any specific bit sequence having different binary digits
included therein according to each identified bit of the spe-
cific memory cell which outputs the specific bit sequence, and
the determining unit 114 is implemented for determining
updated specific bit sequences according to the specific bit
sequences identified by the identifying unit 116. In one exem-
plary design, the determining unit 114 determines the updated
bit sequences by performing a mapping operation upon the
specific bit sequences. In another exemplary design, the
determining unit 114 determines new initial control gate volt-
ages, and the control unit 112 refers to the new initial control
gate voltages to control the flash memory 102 to output bit
sequences having updated specific bit sequence(s) included
therein.

As mentioned above, when reading soft information of the
CSB data stored in the memory cells, the L.SBs of the memory
cells are used by the identifying unit 116 to discriminate
between specific bit sequences that are generated from
memory cells each having a threshold voltage located
betweenV .oz, -3D and V o5, +3D and specific bit sequences
that are generated from memory cells each having a threshold
voltage located between V g5,-3D and V g5,+3D. Thus, the
step of reading the soft information of the LSB data is
required to be performed before the step of reading the soft
information of the CSB data. However, in an alternative
design, the identifying unit 116 is capable of discriminating
between specific bit sequences without referring to the iden-
tified bits (e.g., LSBs) of the memory cells. Please refer to
FIG. 8, which is a diagram illustrating another exemplary
CSB reading operation of reading a soft bit (i.e., a soft infor-
mation value) from a memory cell of the flash memory 102. In
accordance with the exemplary threshold voltage distribu-
tions shown in FIG. 2 and FIG. 3, a memory cell with any of
the electrical charge levels 1O, [.1, L6, and .7 would store
CSB=1, and a memory cell with any of the electrical charge
levels [.2-1L.5 would store CSB=0. In this exemplary embodi-
ment, the control unit 112 determines two initial control gate
voltages V cgz1, Vosge and a voltage spacing D. As shown in
sub-diagram (A) of FIG. 8, the control unit 112 controls the
flash memory 102 to perform seven first read operations upon
each of the memory cells M_0-M_K, wherein the flash
memory 102 sets the control gate voltage VG_ 0 by Vg5,,
Vess1+D, Vessi=D: Vesg1#2D, Vg =2D, V eg, 43D, and
V csz1-3D in the voltage adjusting order OD1 and sets the
control gate voltage VG_ 0 by V ogzs, VgD, VeggatD,
Vspa=2D, Vigpat+2D, Vigp,-3D, and Vig,+3D in the
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voltage adjusting order OD2 which is different from the volt-
age adjusting order OD1. In a case where the electrical charge
stored on a floating gate of a memory cell makes the memory
cell store a weak “1” due to a threshold voltage located
between V gz, and V oz, -D, the bit sequence read from the
memory cell will have the binary digit combination BS4 (i.e.,
1101010). In another case where the electrical charge stored
on the floating gate of the memory cell makes the memory cell
store a weak “1” due to the threshold voltage located between
V csgs and V -o5,+D, the bit sequence read from the memory
cell will have the same binary digit combination BS4 (i.e.,
1101010).

As shown in sub-diagram (B) of FIG. 8, the control unit
112 may control the flash memory 102 to perform seven
second read operations upon each of the memory cells M__0-
M_K, wherein the flash memory 102 sets the control gate
voltage VG_0 by Vsgi, Vess1+D, Vesgi =D, Vegs +2D,
Vesg1—2D, V oz, 43D, and V sz, -3D in the voltage adjust-
ing order OD1 and sets the control gate voltage VG__ 0 by
Vessa YespatD, Vesga=D, Vesgat2D, Vg =2D, Vg +
3D, and V .5,-3D in the same voltage adjusting order OD1.
As to the case where the electrical charge stored on the float-
ing gate of the memory cell makes the memory cell store a
weak “1” due to the threshold voltage located between V sz,
and V 45, -D, the bit sequence read from the memory cell
will have the binary digit combination BS4 (i.e., 1101010).
However, as to another case where the electrical charge stored
on the floating gate of the memory cell makes the memory cell
store a weak “1” due to the threshold voltage located between
V csg. and 'V o, +D, the bit sequence read from the memory
cell will have a different binary digit combination BS4' (i.e.,
1010101).

Therefore, when a first bit sequence generated from first
read operations using control gate voltages set according to
different voltage adjusting orders (e.g., OD1 and OD2) is
identical to a second bit sequence generated from second read
operations using control gate voltages set by the same voltage
adjusting order (e.g., OD1), the identifying unit 116 knows
that the first bit sequence/second bit sequence is generated
from a memory cell having a threshold voltage located
between Vi gz,-3D and Vg, +#3D. When the first bit
sequence generated from first read operations using control
gate voltages set according to different voltage adjusting
orders (e.g., OD1 and OD2) is different from the second bit
sequence generated from second read operations using con-
trol gate voltages set by the same voltage adjusting order (e.g.,
OD1), the identifying unit 116 knows that the first bit
sequence/second bit sequence is generated from a memory
cell having a threshold voltage located between V .¢5,-3D
and V cg5,+3D.

To put it simply, the control unit 112 of the control logic
106 controls the flash memory 102 to perform a plurality of
read operations upon each of the memory cells of one physi-
cal page for obtaining soft bits of the memory cells, wherein
the read operations include first read operations and second
read operations each utilizing two control gate voltages
applied to a control gate of each memory cell. The two control
gate voltages utilized by one of the first read operations are
different from the two control gate voltages utilized by
another of the first read operations, one of the two control gate
voltages utilized in each of the first read operations is set
according to a first voltage adjusting order, the other of the
two control gate voltages utilized in each of the first read
operations is set according to a second voltage adjusting order
different from the first voltage adjusting order. Besides, the
two control gate voltages utilized by one of the second read
operations are different from the two control gate voltages
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utilized by another of the second read operations, one of the
two control gate voltages utilized in each of the second read
operations is set according to the first voltage adjusting order,
and the other of the two control gate voltages utilized in each
of the second read operations is set according to the first
voltage adjusting order. The identifying unit 116 of the con-
trol logic 106 identifies a specific bit sequence with different
binary digits included therein by referring to a first bit
sequence read from a specific memory cell by the first read
operations and a second bit sequence read from the specific
memory cell by the second read operations. After the specific
bit sequences, each having different binary digits included
therein, are correctly categorized by the identifying unit 116,
the determining unit 114 can employ the aforementioned
procedure to determine the updated bit sequences correctly.

The read operations shown in sub-diagram (A) of FIG. 8
may be briefly summarized as below. For performing read
operations requested by the voltage adjusting order OD1, the
flash memory 102 initially utilizes V .z, to read the memory
cells M__0-M_K. After that, the flash memory 102 utilizes
V os5:+D to read the memory cells M_ 0-M_K for perform-
ing another read operation requested by the voltage adjusting
order OD1. After that, the flash memory 102 utilizes V g5, -D
to read the memory cells M_0-M_K for performing yet
another read operation requested by the voltage adjusting
order OD1. In addition, for performing read operations
requested by the voltage adjusting order OD2, the flash
memory 102 initially utilizes V ¢z, to read the memory cells
M_0-M_K. After that, the flash memory 102 utilizes
V cs5,—D to read the memory cells M_ 0-M_K for perform-
ing another read operation requested by the voltage adjusting
order OD2. Afterthat, the flash memory 102 utilizes V o gz,+D
to read the memory cells M 0-M_K for performing yet
another read operation requested by the voltage adjusting
order OD2. Please note that the voltage adjusting order OD1
is different from the voltage adjusting order OD2; however, as
clearly shown in the figure, both of the voltage adjusting
orders OD1 and OD2 makes respective initial control gate
voltages V ooz, and V gz, first shifted toward CSB=0" (i.e.,
one adjacent electrical charge level representative of a spe-
cific bit with a first binary digit) and then further shifted
toward CSB="1" (i.e., another adjacent electrical charge level
representative of the specific bit with a second binary digit).
In these two weak “1” cases, the memory controller 104
receives the same bit sequence (i.e., 1101010). Thus, the
memory controller 104 can not distinguish these two different
weak “1” cases from the received bit sequence.

The read operations shown in sub-diagram (B) of FIG. 8
may be briefly summarized as below. The shifting direction of
the control gate voltage is slightly different from that men-
tioned above. For performing read operations requested by
the voltage adjusting order OD1, the flash memory 102 ini-
tially utilizes V oz, to read the memory cells M_ 0-M_K.
After that, the flash memory 102 utilizes V o4z, +D to read the
memory cells M__0-M_K for performing another read opera-
tion requested by the voltage adjusting order OD1. After that,
the flash memory 102 utilizes V ~g5,-D to read the memory
cells M__0-M_K for performing yet another read operation
requested by the voltage adjusting order OD1. In addition, for
performing read operations requested by another voltage
adjusting order OD1, the flash memory 102 initially utilizes
V csgs to read the memory cells M__0-M_K. After that, the
flash memory 102 utilizes V .¢5,+D to read the memory cells
M__0-M_K for performing another read operation requested
by the voltage adjusting order OD1. After that, the flash
memory 102 utilizes V sz,-D to read the memory cells
M_0-M_K for performing yet another read operation
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requested by the voltage adjusting order OD1. Please note
that the same voltage adjusting order OD1 is employed; how-
ever, as clearly shown in the figure, one voltage adjusting
order OD1 makes an initial control gate voltage V ooz, first
shifted toward CSB="0" (i.e., one adjacent electrical charge
level representative of the specific bit with the first binary
digit) and then further shifted toward CSB="1" (i.e., another
adjacent electrical charge level representative of the specific
bit with the second binary digit), and the other voltage adjust-
ing order OD1 makes an initial control gate voltage V gz,
first shifted toward CSB=*1" (i.e., one adjacent electrical
charge level representative of the specific bit with the second
binary digit) and then further shifted toward CSB="0" (i.e.,
another adjacent electrical charge level representative of the
specific bit with the first binary digit). In these two weak “1”
cases, the memory controller 104 receives different bit
sequences (i.e., 1101010 and 1010101). Thus, with a proper
setting of the voltage adjusting orders, the memory controller
104 can distinguish these two different weak “1” cases from
the received bit sequences. Hence, the memory controller 104
is capable of distinguishing these two different weak “1”
cases without needing other auxiliary information (e.g., LSB
data).

Please refer to FIG. 9, which is a diagram illustrating a
memory system according to a second exemplary embodi-
ment of the present invention. The exemplary memory system
900 includes a memory controller 904 and the aforemen-
tioned flash memory (e.g., a NAND-type flash memory) 102.
To read the data stored in the memory cells M__0-M_K of the
target physical page P_ 0, the control gate voltages VG_ 0-
VG_N should be properly set. Each of the memory cells 103
in this exemplary embodiment is configured to store 3 bits,
including a least significant bit (LSB), a central significant bit
(CSB), and a most significant bit (MSB). Thus, the memory
controller 904 determines seven control gate voltages V; oz,
Vessi: Vasaz: Vassrs YVarsszs Varsss: a4 Vs, and con-
trols the flash memory 102 to perform read operations accord-
ing to these configured control gate voltages. As the details of
read operations performed in the flash memory 102 are
already described above, further description is omitted here
for brevity.

The memory controller 904 is implemented to control
access (read/write) of the flash memory 102. In this exem-
plary embodiment, the memory controller 904 includes, but is
not limited to, a control logic 906 having a control unit 912, a
counting unit 914, and a comparing unit 916 included therein,
a receiving circuit 908 having a storage device (e.g., a
memory device) 918, and an ECC circuit 910 having an ECC
detector 920 and an ECC corrector 922 included therein.
Please note that only the elements pertinent to the technical
features of the present invention are shown in FIG. 9 for
clarity and simplicity. That is, the memory controller 904 may
include additional elements to support other functionality. As
mentioned above, the threshold voltage distribution of
memory cells 103 included in the flash memory 102 may be
changed due to certain factors such as read disturbance, write/
program disturbance, and/or retention disturbance. As known
to those skilled in the art, part of the memory cells 103 of one
physical page is utilized for storing ECC information (e.g., an
ECC code). Thus, the ECC circuit 910 is operative to perform
an ECC operation upon the readout information (e.g., a code-
word) read from one physical page. More specifically, the
ECC detector 120 checks the correctness of the readout infor-
mation, thereby detecting the existence of error bits presented
in the checked readout information. When notified by the
ECC detector 920, the ECC corrector 922 is operative for
correcting the error bits found in the checked readout infor-
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mation. However, when the number of error bits existing in
the readout information exceeds a maximum number of error
bits that can be corrected by the ECC corrector 922, the ECC
corrector 922 indicates that the readout information includes
uncorrectable error bits. Thus, the control logic 906 enables
the threshold voltage distribution tracking mechanism to
determine the readout information which can pass the ECC
parity check performed by the ECC circuit 910. Detailed are
described as below.

Inthis exemplary embodiment, the ECC circuit 910 may be
a Bose-Chaudhuri-Hocquenghem (BCH) decoder. The con-
trol logic 906 is arranged for controlling the flash memory
102 to perform a plurality of read operations upon each of the
memory cells M_ 0-M_K of the target physical page P_ 0,
and determining readout information of the memory cells
M_ 0-M_K according to binary digit distribution character-
istics of bit sequences BS_0-BS_K. The read operations
include at least a first read operation, a second read operation,
and a third read operation used for determining control gate
voltage shifting direction (s) used for finding better control
gate voltage (s). Further details are described as below.

Please refer to FIG. 10 in conjunction with FIG. 11. FIG. 10
is a diagram illustrating the adjustment made to the control
gate voltage used for reading [.SB data according to a first
embodiment of the present invention. FIG. 11 is a diagram
illustrating the operation of determining a shifting direction
of the control gate voltage for finding a better control gate
voltage used for reading I.SB data according to a first embodi-
ment of the present invention. Due to change of the threshold
voltage distribution, the threshold voltages of some memory
cells each originally programmed to have the electrical
charge level L3 for storing L.SB=1 are distributed in the
voltage range V5-V9, and the threshold voltages of some
memory cells each originally programmed to have the elec-
trical charge level 14 for storing LSB=0 are distributed in the
voltage range V1-V5. To have a minimum number of error
bits presented in the readout information of the target physical
page P_ 0, the control gate voltage for reading [.SB data
should be preferably set by V5 shown in FIG. 10 (i.e., VT 4'
shown in FIG. 3). When the initial control gate voltage V, .
is set to V7 by the control unit 912 and the flash memory 102
performs the first read operation upon memory cells M_ 0-
M_K according to the initial control gate voltage V, ¢z, the
number of error bits presented in the readout information (i.e.,
a first codeword CW__1 consisted of first bits of the bit
sequences BS_ 0-BS_K) exceeds the maximum number of
error bits that can be corrected by the ECC circuit 910. Thus,
the threshold voltage distribution tracking mechanism is
enabled accordingly. Next, the control unit 912 updates the
initial control gate voltage V, o employed by the first read
operation by V6 which is lower than V7, and then controls the
flash memory to perform the second read operation upon
memory cells M_0-M_K according to the updated control
gate voltage V, .'. Thus, a second codeword CW__2 con-
sisted of second bits of the bit sequences BS_0-BS_K is
received by the receiving circuit 908. Please note that the first
codeword CW__1 is buffered in the storage device 918, and
bits of the first codeword CW__1 buffered in the storage
device 918 are transmitted to the comparing unit 916 one by
one before overwritten by the incoming bits of the second
codeword CW__ 2. The comparing unit 916 is arranged for
comparing bits of the first codeword CW__1 (i.e., first bits of
the bit sequences BS_ 0-BS_K) and bits of the second code-
word CW__2 (i.e., second bits of the bit sequences BS_ 0-
BS_K). The comparison result will indicate which bit posi-
tion has one first bit flipping due to a transition from a first
binary digit (e.g., “1”") to a second binary digit (e.g., “0”). The
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counting unit 914 is coupled to the comparing unit 916 and
the control unit 912, and is arranged for counting the number
of first bit flipping between the first codeword CW__1 and the
second codeword CW__2. That is, the counting unit 914 gen-
erates a first counter number N1 by counting the number of
first bit flipping between first bits and second bits of the bit
sequences BS_ 0-BS_K, wherein one first bit flipping occurs
when the first bit and the second bit of one bit sequence have
the first binary digit (e.g., “1”) and the second binary digit
(e.g., “0”), respectively.

Next, the control unit 912 updates the current control gate
voltage V; o' employed by the second read operation by V8
which is higher than V7, and then controls the flash memory
to perform the third read operation upon memory cells M_ 0-
M_K according to the updated control gate voltage V;z".
Thus, a third codeword CW__3 consisted of third bits of the
bit sequences BS_ 0-BS_K is received by the receiving cir-
cuit 908. Please note that the first codeword CW__1 originally
buffered in the storage device 918 will be overwritten by the
second codeword CW__2; additionally, bits of the second
codeword CW__ 2 buffered in the storage device 918 are trans-
mitted to the comparing unit 916 one by one before overwrit-
ten by the incoming bits of the third codeword CW__3. The
comparing unit 916 is further arranged for comparing bits of
the second codeword CW__2 (i.e., second bits of the bit
sequences BS_0-BS_K) and bits of the third codeword
CW__3 (i.e., third bits of the bit sequences BS__0-BS_K). The
comparison result will indicate which bit position has the
second bit flipping due to a transition from the second binary
digit (e.g., “0”) to the first binary digit (e.g., “1”"). The count-
ing unit 914 is further arranged for counting the number of
second bit flipping between the second codeword CW__2 and
the third codeword CW__3. That is, the counting unit 914
generates a second counter number N2 by counting the num-
ber of second bit flipping between second bits and third bits of
the bit sequences BS_ 0-BS_K, wherein one second bit flip-
ping occurs when the second bit and the third bit of one bit
sequence have the second binary digit (e.g., “0”) and the first
binary digit (e.g., “17), respectively.

After receiving the first counter number N1 and the second
counter number N2 generated from the counting unit 914, the
control unit 912 determines the readout information which
can pass the ECC parity check by referring to the first counter
number N1 and the second counter number N2. For example,
the control unit 912 determines the shifting direction DS of
the control gate voltage according to the first counter number
N1 and the second counter number N2. More specifically, as
can be seen from FIG. 10, the first counter number N1 repre-
sents the total number of 0’s newly identified due to shifting
the control gate voltage from V7 to V6, and the second
counter number N2 represents the total number of 1°s newly
identified due to shifting the control gate voltage from V6 to
V8. Thus, the value (N2-N1) is representative of a total
number of 1’s resulted from shifting the control gate voltage
from V7 to V8. In this exemplary embodiment, (N2-N1) is
greater than N1, implying that the local minimum of the
threshold voltage distribution corresponding to the electrical
charge levels L3 and 1.4 is located on a left side of the initial
control gate voltage V; ;. Based on such an observation, the
control unit 912 decides the shifting direction DS accord-
ingly.

After the shifting direction DS is determined, the control
logic 912 determines a new control gate voltage according to
the shifting direction DS. When the readout information (i.e.,
anew codeword) obtained from applying the new control gate
voltage to the control gate of each of the memory cells M__0-
M_K of the target physical page P__0 passes the ECC parity
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check, this implies that the codeword processed by the ECC
circuit 110 will become error-free. As the LSB data is suc-
cessfully determined by the control unit 912 which updates
the control gate voltage according to the shifting direction
DS, the control unit 912 records the currently used control
gate voltage as an initial control gate voltage to be used by the
next L.SB read operation performed upon the physical page
P_o.

However, when the readout information (i.e., a new code-
word) obtained from applying the new control gate voltage to
the control gate of each ofthe memory cells M__0-M_K ofthe
physical page P_ 0 fails to pass the ECC parity check, this
implies that the codeword processed by the ECC circuit 110
still contains uncorrectable error bits, the control logic 912
will determine another control gate voltage according to the
shifting direction DS. Updating the control gate voltage
according to the shifting direction DS is not stopped until the
codeword is error-free or all of the error bits presented in the
codeword are correctable. Please note that the ECC circuit
(e.g., a BCH decoder) 100 has error correction capability.
Therefore, the control unit 912 is not required to exactly shift
the control gate voltage to the optimum value V5 according to
the shifting direction DS.

In above exemplary embodiment, the control unit 912 con-
trols the flash memory 102 to perform the first read operation
which utilizes the initial control gate voltage V, ¢, the second
read operation which utilizes the lower control gate voltage
V, ¢z and the third read operation which utilizes the higher
control gate voltage V; .z", sequentially. Therefore, the initial
control gate voltage V, ., the lower control gate voltage
Vs and the higher control gate voltage V, " are applied to
the control gate of each of the memory cells M_ 0-M_K,
sequentially. However, this is for illustrative purposes only,
and is not meant to be a limitation of the present invention.

Please refer to FIG. 12 in conjunction with FIG. 13. FIG. 12
is a diagram illustrating the adjustment made to the control
gate voltage used for reading [.SB data according to a second
embodiment of the present invention. FIG. 13 is a diagram
illustrating the operation of determining a shifting direction
of the control gate voltage for finding a better control gate
voltage used for reading [.SB data according to a second
embodiment of the present invention. The major difference
between the control gate voltage adjustment shown in FIG. 12
and the control gate voltage adjustment shown in FIG. 10 is
that the control unit 912 controls the flash memory 102 to
perform the first read operation which utilizes the initial con-
trol gate voltage V; ., the second read operation which uti-
lizes the higher control gate voltage V; oz", and the third read
operation which utilizes the lower control gate voltage V; .5',
sequentially. Therefore, the initial control gate voltage V; oz,
the higher control gate voltage V, ;" and the lower control
gate voltage Vo' are applied to the control gate of each of the
memory cells M_ 0-M_K, sequentially.

Similarly, when the initial control gate voltage V, . is set
to V7 by the control unit 912 and the flash memory 102
performs the first read operation upon memory cells M_ 0-
M_K according to the initial control gate voltage V, ¢z, the
number of error bits presented in the readout information (i.e.,
a first codeword CW__1 consisted of first bits of the bit
sequences BS_ 0-BS_K) exceeds the maximum number of
error bits that can be corrected by the ECC circuit 910. Thus,
the threshold voltage distribution tracking mechanism is
enabled accordingly. Next, the control unit 912 updates the
initial control gate voltage V, o employed by the first read
operation by V8 which is higher than V7, and then controls
the flash memory 102 to perform the second read operation
upon memory cells M__0-M_K according to the updated
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control gate voltage V; ;z". Thus, a second codeword CW__2'
consisted of second bits of the bit sequences BS  0-BS_K is
received by the receiving circuit 908. The comparing unit 916
compares bits of the first codeword CW__1 (i.e., first bits of
the bit sequences BS__0-BS_K) and bits of the second code-
word CW__2' (i.e., second bits of the bit sequences BS_ 0-
BS_K). The comparison result will indicate which bit posi-
tion has the first bit flipping due to a transition from a first
binary digit (e.g., “0”) to a second binary digit (e.g., “1”). The
counting unit 914 counts the number of first bit flipping
between the first codeword CW__1 and the second codeword
CW__2'to thereby obtain a first counter number N1'. Next, the
control unit 912 updates the current control gate voltage
V, ¢5" employed by the second read operation by V6 which is
lower than V7, and then controls the flash memory 102 to
perform the third read operation upon memory cells M_ 0-
M_K according to the updated control gate voltage V'
Thus, a third codeword CW__3' consisted of third bits of the
bit sequences BS_ 0-BS_K is received by the receiving cir-
cuit 908. The comparing unit 916 compares bits of the second
codeword CW__2' (i.e., second bits of the bit sequences
BS_ 0-BS_K) and bits of the third codeword CW_3' (i.e.,
third bits of the bit sequences BS_ 0-BS_K). The comparison
result will indicate which bit position has the second bit
flipping due to a transition from the second binary digit (e.g.,
“17) to the first binary digit (e.g., “0”"). The counting unit 914
counts the number of second bit flipping between the second
codeword CW__2' and the third codeword CW__3' to thereby
obtain a second counter number N2'. As can be seen from
FIG. 11 and FIG. 13, N1'=N2-N1 and N1=N2'-N1". Thus,
after receiving the first counter number N1' and the second
counter number N2' generated from the counting unit 914, the
control unit 912 would determine that the local minimum of
the threshold voltage distribution corresponding to the elec-
trical charge levels L3 and 14 is located on a left side of the
initial control gate voltage V ;. The same objective of decid-
ing the shifting direction DS of the control gate voltage is
achieved.

The operation of finding the best control gate voltage (s)
used for reading the CSB data is detailed as follows. Please
refer to FIG. 14, which is a diagram illustrating the adjust-
ment made to one of the control gate voltages used for reading
CSB data according to an embodiment of the present inven-
tion. As mentioned above, reading CSBs of memory cells
M_0-M_K of the target physical page P_ 0 requires two
control gate voltages V sz, and Vgz,. When the readout
information of the physical page P_ 0 fails to pass the ECC
parity check, it means that the CSBs read from the memory
cells M__0-M_K include uncorrectable error bits. Thus, the
threshold voltage distribution tracking mechanism is enabled
to find better control gate voltage (s) used for reading the CSB
data. In this exemplary embodiment, one of the control gate
voltages V gz, and V ¢z, is not adjusted by the control unit
912, while the other of the control gate voltages V .oz, and
V csg- 18 adjusted by the control unit 912 to find the shifting
direction of the control gate voltage. As shown in FIG. 14,
under the condition where the control gate voltage V oz,
remains intact, the control gate voltage V ¢z, is updated by
the control unit 912 to find the shifting direction DS2. In one
exemplary design, the first read operation which utilizes the
initial control gate voltage V .¢z,, the second read operation
which utilizes the lower control gate voltage V ~g5,', and the
third read operation which utilizes the higher control gate
voltage V ~oz," are performed upon each of the memory cells
M_ 0-M_K, sequentially. In an alternative exemplary design,
the first read operation which utilizes the initial control gate
voltage V 5., the second read operation which utilizes the
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higher control gate voltage V ~4z,", and the third read opera-
tion which utilizes the lower control gate voltage V .o5," are
performed upon each of the memory cells M_0-M_K,
sequentially. The same objective of determining the shifting
direction DS2 pointing to the local minimum of the threshold
voltage distribution corresponding to the electrical charge
levels L5 and L6 (i.e., the location where the best control gate
voltage VT 6' is located) is achieved. As a person skilled in the
art can readily understand how to determine the shifting
direction DS2 by counting the first bit flipping between first
bits and second bits of the bit sequences BS_ 0-BS_K and
counting the second bit flipping between second bits and third
bits of the bit sequences BS_0-BS_K after reading above
paragraphs directed to finding the updated control gate volt-
age used for reading the LSB data, further description is
omitted here for brevity.

When the best location of the control gate voltage (i.e.,
VT__6" has been found by the shifting direction DS2 and the
ECC corrector 922 still indicates that the readout information
obtained from using the best control gate voltage VI __6' and
the initial control gate voltage V .z, has uncorrectable errors,
the control unit 912 keeps the best control gate voltage VT__6'
intact, and starts updating the control gate voltage V ¢z, to
find the shifting direction DS1. Please refer to FIG. 15, which
is a diagram illustrating the adjustment made to the other of
the control gate voltages used for reading CSB data according
to an embodiment of the present invention. In one exemplary
design, the first read operation which utilizes the initial con-
trol gate voltage V .z, the second read operation which
utilizes the lower control gate voltage V .g5,', and the third
read operation which utilizes the higher control gate voltage
Vsg, " are performed upon each of the memory cells M__0-
M_K, sequentially. In an alternative exemplary design, the
first read operation which utilizes the initial control gate
voltage V¢, , the second read operation which utilizes the
higher control gate voltage V -5z, ", and the third read opera-
tion which utilizes the lower control gate voltage V -z, are
performed upon each of the memory cells M_0-M_K,
sequentially. The same objective of determining the shifting
direction DS1 pointing to the local minimum of the threshold
voltage distribution corresponding to the electrical charge
levels .1 and L2 (i.e., the location where the best control gate
voltage VT__2'is located) is achieved. As a person skilled in
the art can readily understand how to determine the shifting
direction DS1 by counting the first bit flipping between first
bits and second bits of the bit sequences BS_ 0-BS_K and
counting the second bit flipping between second bits and third
bits of the bit sequences BS_0-BS_K after reading above
paragraphs directed to finding the updated control gate volt-
age used for reading the LSB data, further description is
omitted here for brevity. Please note that the control unit 912
does not stop updating the control gate voltage according to
the shifting direction DS1 until the ECC circuit 910 indicates
that the readout information is error-free or the readout infor-
mation has error bits that are correctable.

In above examples shown in FIG. 14 and FIG. 15, one of
the control gate voltages V gz, and V -z, is not adjusted by
the control unit 912, while the other of the control gate volt-
ages Vo5, and Vg, is adjusted by the control unit 912 to
find one shifting direction DS1/DS2. However, in an alterna-
tive design, the shifting directions DS1 and DS2 may be
determined simultaneously. Please refer to FIG. 16 in con-
junction with FIG. 17. FIG. 16 is a diagram illustrating the
adjustment made to both control gate voltages used for read-
ing CSB data according to an embodiment of the present
invention. FIG. 17 is a diagram illustrating the operation of
determining shifting directions of the control gate voltages
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for finding better control gate voltages used for reading CSB
data according to an embodiment of the present invention.
When the readout information of the physical page P_0
derived from using the initial control gate voltages V -5, and
V os5- fails to pass the ECC parity check, it means that the
CSBs read from the memory cells M__0-M_K include uncor-
rectable error bits. Thus, the threshold voltage distribution
tracking mechanism is enabled to find better control gate
voltage (s) used for reading the CSB data. As can be seen from
the exemplary gray code design of the bits assigned to differ-
ent electrical charge levels LO-L.7 shown in FIG. 3, one of the
control gate voltages should be set by a lower voltage corre-
sponding to a local minimum of the threshold voltage distri-
bution corresponding to the electrical charge levels L1 and
L2, and the other of the control gate voltages should be set by
a higher voltage corresponding to a local minimum of the
threshold voltage distribution corresponding to the electrical
charge levels L5 and L6. To discriminate between changed
bits resulted from shifting the lower control gate voltage and
changed bits resulted from shifting the higher control gate
voltage, the adjustment made to the control gate voltages used
for reading the CSB data should be properly configured
according to the gray code design of the bits assigned to the
electrical charge levels [L1-1.2 and L5 and L6. In this exem-
plary embodiment, the control unit 912 controls the flash
memory 102 to perform the first read operation which utilizes
two initial control gate voltages V ooz, and V .¢,, the second
read operation which utilizes one control gate voltage V -4z,
lower than the initial control gate voltage V ¢z, and another
control gate voltage V ~¢z,' lower than the initial control gate
voltage V ~gz,, and the third read operation which utilizes one
control gate voltageV .o, " higher than the initial control gate
voltage V ¢z, and another control gate voltage V ~¢z," higher
than the initial control gate voltage V ~z,, sequentially.

The comparing unit 916 compares the first bits and the
second bits of the bit sequences BS_0-BS_K, wherein a first
codeword CW__11 consisted of the first bits of the bit
sequences BS_ 0-BS_K is obtained by the first read opera-
tion, and a second codeword CW__21 consisted of the second
bits of the bit sequences BS__0-BS_K is are obtained by the
second read operation. The comparison result will indicate
which bit position has one first bit flipping due to a transition
from a first binary digit (e.g., “1”) to a second binary digit
(e.g., “0”), and further indicate which bit position has one
second bit flipping due to a transition from the second binary
digit (e.g., “0”) to the first binary digit (e.g., “1”). Please note
that, in this exemplary embodiment, the first bit flipping is
resulted from shifting the control gate voltage from V oz, to
Vsg1's and the second bit flipping is resulted from shifting
the control gate voltage from V g5, t0 V o5z,'. The counting
unit 914 counts the number of first bit flipping between the
first codeword CW__11 and the second codeword CW__21,
and also counts the number of second bit flipping between the
first codeword CW__11 and the second codeword CW__21.
That is, the counting unit 914 generates a first counter number
N1 by counting the number of first bit flipping between first
bits and second bits of the bit sequences BS_ 0-BS_K, and
generates a second counter number N2 by counting the num-
ber of second bit flipping between first bits and second bits of
the bit sequences BS_ 0-BS_K, wherein one first bit flipping
occurs when the first bit and the second bit of one bit sequence
have the first binary digit (e.g., “1”) and the second binary
digit (e.g., “0”), respectively, and one second bit flipping
occurs when the first bit and the second bit of one bit sequence
have the second binary digit (e.g., “0”) and the first binary
digit (e.g., “1”), respectively.
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Besides, the comparing unit 916 compares the second bits
and the third bits of the bit sequences BS_0-BS_K, wherein
a third codeword CW__31 consisted of the third bits of the bit
sequences BS_ 0-BS_K is obtained by the third read opera-
tion. The comparison result will indicate which bit position
has one third bit flipping due to a transition from the second
binary digit (e.g., “0”) to the first binary digit (e.g., “1”), and
further indicate which bit position has one fourth bit flipping
due to a transition from the first binary digit (e.g., “1”) to the
second binary digit (e.g., “0”). Please note that, in this exem-
plary embodiment, the third bit flipping is resulted from shift-
ing the control gate voltage from V ~¢5,' t0 V5,", and the
fourth bit flipping is resulted from shifting the control gate
voltage from V - 5,' t0 Vg5,". The counting unit 914 counts
the number of third bit flipping between the second codeword
CW__21 and the third codeword CW__31, and also counts the
number of fourth bit flipping between the second codeword
CW__21 and the third codeword CW__31. That is, the count-
ing unit 914 generates a third counter number N3 by counting
the number of third bit flipping between second bits and third
bits of the bit sequences BS  0-BS_K, and generates a fourth
counter number N4 by counting the number of fourth bit
flipping between second bits and third bits of the bit
sequences BS_0-BS_K, wherein one third bit flipping occurs
when the second bit and the third bit of one bit sequence have
the second binary digit (e.g., “0”) and the first binary digit
(e.g., “17), respectively, and one fourth bit flipping occurs
when the second bit and the third bit of one bit sequence have
the first binary digit (e.g., “1”) and the second binary digit
(e.g., “07), respectively.

After receiving the first counter number N1, the second
counter number N2, the third counter number N3, and the
fourth counter number N4 generated from the counting unit
914, the control unit 912 is capable of determining the shift-
ing direction DS1 of one control gate voltage according to the
first and third counter numbers N1 and N3, and determining
the shifting direction DS2 of the other control gate voltage
according to the second and fourth counter numbers N2 and
N4. More specifically, the first counter number N1 represents
the total number of 0’s newly identified due to shifting the
control gate voltage from V sz, 10 V oz, ', the second counter
number N2 represents the total number of 1°s newly identified
due to shifting the control gate voltage from V g5, 10 V ooz,
Thus, the value (N3-N1) is representative of a total number of
newly identified 1’s resulted from shifting the control gate
voltage from Vg5, 10 Vgz,", and the value (N4-N2) is
representative of a total number of newly identified 0’s
resulted from shifting the control gate voltage from V 5, to
Vg5, In this exemplary embodiment, (N3-N1) is greater
than N1 and (N4-N2) is greater than N2, this implies that the
local minimum of the threshold voltage distribution corre-
sponding to the electrical charge levels L1 and L2 is located
on a left side of the initial control gate voltage V -4z, , and the
local minimum of the threshold voltage distribution corre-
sponding to the electrical charge levels L5 and L6 is located
on a left side of the initial control gate voltage V .5,. Based
on such an observation, the control unit 912 decides the
shifting directions DS1 and DS2 simultaneously. Next, based
on one or both of the shifting directions DS1 and DS2, the
control unit 912 updates one or both of the control gate
voltages to make the flash memory 102 generate readout
information (i.e., CSBs) capable of passing the ECC parity
check. As aperson skilled in the art can readily understand the
related operation after reading above paragraphs, further
description is omitted here fore brevity.

In above exemplary embodiment, the control unit 912 con-
trols the flash memory 102 to perform the first read operation
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which utilizes the initial control gate voltages V gz, and
V o550, the second read operation which utilizes the control
gate voltages V g5, and V ~5,'", and the third read operation
which utilizes the control gate voltages V o5, " and V oz,",
sequentially. However, this is for illustrative purposes only,
and is not meant to be a limitation of the present invention. In
an alternative design, the control unit 912 is allowed to con-
trol the flash memory 102 to perform the first read operation
which utilizes the initial control gate voltages V g5, and
V csg, the second read operation which utilizes the control
gate voltages V gz, " and V .z, ", and the third read operation
which utilizes the control gate voltages Vgz,' and Vgz,',
sequentially. The same objective of determining the shifting
directions DS1 and DS2 in a parallel processing manner is
achieved. As a person skilled in the art can readily understand
details of such an alternative design of determining shifting
directions DS1 and DS2 after reading above paragraphs
directed to the example of determining the shifting direction
DS as shown in FIG. 12 and FIG. 13, further description is
omitted here for brevity.

Regarding the case of reading MSBs of the memory cells
M_ 0-M_K of'the target physical page P__0, itis similarto the
case of reading CSBs of the memory cells M_ 0-M_K as
mentioned above. The major difference is that each read
operation for reading the MSBs requires four control gate
voltages rather than two control gate voltages. As mentioned
above, reading MSBs of memory cells M_ 0-M_K of the
target physical page P_ 0 requires four control gate voltages
Viasssis Varsszs Yarsgss and V.. When the readout infor-
mation of the physical page P 0 fails to pass the ECC parity
check, it means that the MSBs read from the memory cells
M__0-M_K include uncorrectable error bits. Thus, the thresh-
old voltage distribution tracking mechanism is enabled to find
better control gate voltage (s) used for reading the MSB data.
In one exemplary embodiment, one of the control gate volt-
ages V,,oz1-Vasssa 18 adjusted by the control unit 912 to find
the shifting direction of one control gate voltage, while the
remaining voltages of the control gate voltages V, /o5, -Viassp4
are not adjusted by the control unit 912. Please refer to FIG.
18, which is a diagram illustrating the adjustment made to one
of the control gate voltages used for reading MSB data
according to an embodiment of the present invention. As
shown in FIG. 18, under the condition where the control gate
voltages V,,s5,-Vazsss remain intact, the control gate voltage
Vasssa 18 updated by the control unit 912 to V,,,' and
Vssa" for finding the shifting direction DS4. When the best
location of the control gate voltage (i.e., VI_7') has been
found by the shifting direction DS4 and the ECC corrector
922 still indicates that the readout information obtained from
using the best control gate voltage VI__7' and the initial
control gate voltage V,,.z1-V /555 has uncorrectable errors,
the control unit 912 keeps the best control gate voltage VT__7'
intact, and starts updating one of the control gate voltages
Vasszi-Vagsss to find another shifting direction.

Please refer to FIG. 19, which is a diagram illustrating the
adjustment made to another of the control gate voltages used
for reading MSB data according to an embodiment of the
present invention. As shown in FIG. 19, under the condition
where the control gate voltages V,,c51-Vassz, and VI_ 7'
remain intact, the control gate voltage V, .z is updated by the
controlunit912to V, ,..' and V,, ;" for finding the shifting
direction DS3. When the best location of the control gate
voltage (i.e., VI __5") has been found by the shifting direction
DS3 and the ECC corrector 922 still indicates that the readout
information obtained from using the best control gate volt-
ages VI_7, VI_5' and the initial control gate voltage
Vasssis Varss. has uncorrectable errors, the control unit 912
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keeps the best control gate voltages VI _7'and VT__5" intact,
and starts updating one of the control gate voltages V, ., and
Vss- o find another shifting direction.

Please refer to FIG. 20, which is a diagram illustrating the
adjustment made to yet another of the control gate voltages
used for reading MSB data according to an embodiment of the
present invention. As shown in FIG. 20, under the condition
where the control gate voltages V,,oz5,, VI_ 5, and VT_7'
remain intact, the control gate voltage V, ;. is updated by the
control unit 912 to V, ;o' and V, ;sz," for finding the shifting
direction DS2. When the best location of the control gate
voltage (i.e., VT 3') has been found by the shifting direction
DS2 and the ECC corrector 922 still indicates that the readout
information obtained from using the best control gate volt-
ages VI_ 7' VT _5',VT_3'and the initial control gate volt-
age V, 5 has uncorrectable errors, the control unit 912
keeps the best control gate voltages VI_ 7', VT_5', and
VT_3'intact, and starts updating the last one control gate
voltage V45, to find another shifting direction.

Please refer to FIG. 21, which is a diagram illustrating the
adjustment made to a remaining one of the control gate volt-
ages used for reading MSB data according to an embodiment
of the present invention. As shown in FIG. 21, under the
condition where the control gate voltages VT_3'. VT_5'. and
VT_7' remain intact, the control gate voltage V, .z, is
updated by the control unit 912 to V,,z,"' and V, oz, " for
finding the shifting direction DS1. After the shifting direction
DS1 is determined, the control unit 912 does not stop updat-
ing the control gate voltage according to the shifting direction
DS1 until the ECC circuit 910 indicates that the readout
information is error-free or the readout information has error
bits that are correctable.

As a person skilled in the art can readily understand
detailed operations of determining the shifting direction DS4/
DS3/DS2/DS1 and finding an updated control gate voltage
according to the determined shifting direction DS4/DS3/
DS2/DS1 after reading above paragraphs pertinent to the
examples shown in FIG. 14 and FIG. 15, further description is
omitted here for brevity.

In above examples shown in FIGS. 18-21, one of the four
control gate voltages is adjusted by the control unit 912 for
finding a single shifting direction DS4/DS3/DS2/DS1, while
the remaining voltages of the four control gate voltages
remain intact. However, in an alternative, multiple shifting
directions may be determined simultaneously. Please refer to
FIG. 22, which is a diagram illustrating the adjustment made
to two of the control gate voltages used for reading MSB data
according to an embodiment of the present invention. In
general, the shifting probability of the threshold voltage dis-
tribution corresponding to the upper electrical charge levels
L4-1.7 is greater than that of the threshold voltage distribution
corresponding to the lower electrical charge levels LO-L3.
Thus, in the beginning, the control gate voltages V, .z, and
V455, are notadjusted by the control unit 912, and the control
gate voltages V, o5 and V, .z, are adjusted by the control
unit 912 to find the shifting directions DS3 and DS4 in a
parallel processing manner. Similarly, to discriminate
between changed bits resulted from shifting the lower control
gate voltage V, .z and changed bits resulted from shifting
the higher control gate voltage V, ;o the adjustment made to
the two control gate voltages V, .z, and V, ., should be
properly configured according to the gray code design of the
bits assigned to the electrical charge levels 1.4-L7. In one
exemplary design, the initial control gate voltage V, .z is
changedto V, .z,  and then changed to V, ,.z.", and the initial
control gate voltage V,,z, is changed to V,,.z,' and then
changed to V,,z.". In another exemplary design, the initial
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control gate voltage V,,.z5 is changed to V,,z." and then
changed to V,,z.', and the initial control gate voltage V, /o,
is changed to V,,z," and then changed to V,,;z.". The same
objective of determining the shifting directions DS3 and DS4
simultaneously is achieved.

When the best locations of the control gate voltages (i.e.,
VT _5'andVT_7")havebeen found by the shifting directions
DS3 and DS4, and the ECC corrector 922 still indicates that
the readout information obtained from using the best control

5

gate voltages VT_7', VT __5' and the initial control gate volt- 10

ages V, oz, and V, ., has uncorrectable errors, the control
unit 912 keeps the best control gate voltages VI_7' and
VT__5'intact, and starts updating the remaining two control
gate voltages V, .z, and V, .z, to find other shifting direc-
tions DS1 and DS2 in a parallel processing manner.
Please refer to FIG. 23, which is a diagram illustrating the
adjustment made to the other two of the control gate voltages
used for reading MSB data according to an embodiment of the
present invention. The best control gate voltages VT__5' and
VT__7'remain intact, and the control gate voltages V, ;s, and
V4555 are adjusted by the control unit 912 to find the shifting
directions DS1 and DS2. Similarly, to discriminate between
changed bits resulted from shifting the lower control gate
voltage V,,.z; and changed bits resulted from shifting the
higher control gate voltage V, ;< 5., the adjustment made to the
two control gate voltages V, ¢z, and V, .z, should be prop-
erly configured according to the gray code design of the bits
assigned to the electrical charge levels LO-L3. In one exem-
plary design, the initial control gate voltage V , ,¢z, is changed
to V, sz, and then changed to V, ;.5 ", and the initial control
gate voltage V, ;.- is changed to V, ,z,' and then changed to
Vass"- In another exemplary design, the initial control gate
voltage V, .z, is changed to V,,.-," and then changed to
V,ss1's and the initial control gate voltage V, ¢z, is changed
to V,,45," and then changed to V,, ;. ,'. The same objective of
determining the shifting directions DS1 and DS2 simulta-
neously is achieved.
As a person skilled in the art can readily understand
detailed operations of determining multiple shifting direction
DS4 and DS3 (DS2 and DS1) and finding updated control
gate voltages according to the determined shifting directions
DS4 and DS3 (DS2 and DS1) after reading above paragraphs
pertinent to the examples shown in FIG. 16 and FIG. 17,
further description is omitted here for brevity.
Those skilled in the art will readily observe that numerous
modifications and alterations of the device and method may
be made while retaining the teachings of the invention.
Accordingly, the above disclosure should be construed as
limited only by the metes and bounds of the appended claims.
What is claimed is:
1. A method for reading data stored in a flash memory,
comprising:
performing a plurality of read operations upon each of a
plurality of memory cells of the flash memory to obtain
a plurality of bit sequences respectively corresponding
the memory cells, wherein the read operations utilizes a
plurality of control gate voltages to read bits from each
of the memory cells as one of the bit sequences; and

determining readout information of the memory cells
according to binary digit distribution characteristics of
the bit sequences.

2. The method of claim 1, wherein the step of determining
the readout information of the memory cells comprises:

identifying a specific bit sequence of at least one specific

memory cell of the memory cells, wherein each specific
bit sequence has different binary digits included therein;
and
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determining an updated bit sequence of the at least one
specific memory cell according to at least the specific bit
sequence.

3. The method of claim 2, wherein the step of determining
the updated bit sequence of the at least one specific memory
cell comprises:

mapping the specific bit sequence to the updated bit
sequence of the at least one specific memory cell.

4. The method of claim 1, wherein the step of determining

the readout information of the memory cells comprises:

for at least one of the control gate voltages, determining
whether the control gate voltage is an optimum control
gate voltage to identify bits of the memory cells.

5. The method of claim 4, further comprises:

when it is determined that the control gate voltage is not the
optimum control gate voltage, shifting the control gate
voltages and utilizing the shifted control gate voltages to
read bits from each of the memory cells.

6. The method of claim 1, wherein each of the read opera-
tions utilizes only one control gate voltage applied to a control
gate of each of the memory cells, and the control gate voltage
utilized by one of the read operations is different from the
control gate voltage utilized by another of the read operations.

7. A memory controller for reading data stored in a flash
memory, comprising:

a receiving circuit, arranged for obtaining a plurality of bit
sequences read from a plurality of memory cells of the
flash memory, respectively; and

a control logic, coupled to the receiving circuit, the control
logic arranged for performing a plurality of read opera-
tions upon each of the memory cells, and determining
readout information of the memory cells according to
binary digit distribution characteristics of the bit
sequences, wherein the read operations utilizes a plural-
ity of control gate voltages to read bits from each of the
memory cells as one of the bit sequences.

8. The memory controller of claim 7, wherein the control

logic comprises:

an identifying unit, arranged for identifying a specific bit
sequence of at least one specific memory cell, wherein
each specific bit sequence has different binary digits
included therein; and

a determining unit, coupled to the identifying unit, the
determining unit arranged for determining an updated
bit sequence of the at least one specific memory cell
according to at least the specific bit sequence.

9. The memory controller of claim 8, wherein the deter-
mining unit determines the updated bit sequence of the at least
one specific memory cell by mapping the specific bit
sequence to the updated bit sequence.

10. The memory controller of claim 7, wherein for at least
one of the control gate voltages, the determining unit deter-
mines whether the control gate voltage is an optimum control
gate voltage to identify bits of the memory cells.

11. The memory controller of claim 10, wherein when the
determining unit determines that the control gate voltage is
not the optimum control gate voltage, a control unit of the
control logic shifts the control gate voltages and utilizes the
shifted control gate voltages to read bits from each of the
memory cells.

12. The memory controller of claim 7, wherein each of the
read operations utilizes only one control gate voltage applied
to a control gate of each of the memory cells, and the control
gate voltage utilized by one of the read operations is different
from the control gate voltage utilized by another of the read
operations.
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13. A memory system, comprising:
a flash memory; and
amemory controller, coupled to the flash memory, wherein
the memory controller comprises:

a receiving circuit, arranged for obtaining a plurality of
bit sequences read from a plurality of memory cells of
the flash memory, respectively; and

a control logic, coupled to the receiving circuit, the
control logic arranged for performing a plurality of
read operations upon each of the memory cells, and
determining readout information of the memory cells
according to binary digit distribution characteristics
of the bit sequences, wherein the read operations uti-
lizes a plurality of control gate voltages to read bits
from each of the memory cells as one of the bit
sequences.

14. The memory system of claim 13, wherein the control

logic comprises:

an identifying unit, arranged for identifying a specific bit
sequence of at least one specific memory cell, wherein
each specific bit sequence has different binary digits
included therein; and

a determining unit, coupled to the identifying unit, the
determining unit arranged for determining an updated
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bit sequence of the at least one specific memory cell
according to at least the specific bit sequence.

15. The memory system of claim 14, wherein the deter-
mining unit determines the updated bit sequence of the at least
one specific memory cell by mapping the specific bit
sequence to the updated bit sequence.

16. The memory system of claim 13, wherein for at least
one of the control gate voltages, the determining unit deter-
mines whether the control gate voltage is an optimum control
gate voltage to identify bits of the memory cells.

17. The memory system of claim 16, wherein when the
determining unit determines that the control gate voltage is
not the optimum control gate voltage, a control unit of the
control logic shifts the control gate voltages and utilizes the
shifted control gate voltages to read bits from each of the
memory cells.

18. The memory system of claim 13, wherein each of the
read operations utilizes only one control gate voltage applied
to a control gate of each of the memory cells, and the control
gate voltage utilized by one of the read operations is different
from the control gate voltage utilized by another of the read
operations.



